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PEEPAOE TO THE PEESENT EDITION. 



A Fifth edition of Plrofessor Barlow's very valuable work 
appeared in 1851. This, the Sixth edition, has been carefully 
corrected ; and, although it is not increased in external dimen- 
sions, owing to the economy of space in printing, it has been 
greatly enlarged, and will be found to contain much additional 
interesting matter. 

^ There have been no alterations of consequence in the first paii; 

of the treatise — on the Strength of Timber. The following 
important and valuable additions, however, have been made to 
that part treating of Cast L-on : (1) Experiments by Eaton 

^ Hodgkinson, Esq., on the Strength of Cast Iron of various denomi- 
nations ; (2) An extract from papers on the Transverse Strength 
of Beams, by W. H. Barlow, Esq., F.R.S., with an apgendix by 
the late Professor Barlow ; and (3) a short article on the Strength 

^ of Cast Iron Columns. From the next division of the Treatise, the 

^ description of the Proving Machine in Woolwich Dockyard, and 
the article on the Comparative Strength of Parallel Bails of various 
sections, have been omitted. There have been introduced experi- 
ments by W. Fairbaim, Esq., on Iron and Steel Plates, on the 
behaviour of Girders subjected to the Vibrations of a Changing 
Load, and on various cast and wrought iron beams ; also numerous 
experiments by D. Eirkaldy, Esq., on wrought iron and steel bars. 
At the end of the volume will be found a short Appendix of 
formulae for ready application in calculating bridges and girders. 

An explanation is necessary for the apparent want of order in 
the distribution of some of the new matter that has been intro- 
duced ; more especially for that of placing experiments on Cast 
Iron beams in the portion of the work devoted to Malleable Iron. 

a 2 



iv PREFACE. 

It was thought advisable, however, to disregard strict classification 
of material, in order that Mr. Fairbaim's experiments might 
appear together. 

The entire work has been revised by Pi'ofessor Barlow's sons, 
Peter William Barlow, Esq., F.R.S., and William Henry Barlow, 
Esq., F.RS., to whom I beg to tender my sincere thanks, as also to 
WiUiam Fairbaim, Esq., LL.D., F.R.S., and David Kirkaldy, Esq., 
for their valuable assistance. 

As a small tribute of respect and esteem for the late Professor, 
I have inserted a short memoir of his life, feeling confident that 
it will be received with pleasure by the members of a Profession 
for which he has done so much. 

W. H. 

Abingdon Street, Westminster, 
August, 1867. 



EXTRACT FROM AUTHORS PREFACE TO THE 

FOURTH EDITION. 



The first edition of my " Essay on the Strength and Stress of 
Timber " was published in 1817, since which it has gone through 
three editions : another edition having been called for, I have 
thought it right to remodel the whole, and to introduce into it a 
great variety of matter not found in the original work. At the 
time of the first publication, the construction of suspension 
bridges was in its infancy ; and the application of malleable iron 
for the purposes of railways, imknown. These, and various novel 
applications of timber, iron, and other materials, to different 
mechanical works, have rendered it necessary to investigate ex* 
peiimentally and theoretically, many subjects which were not 
known when the first edition of this work was published, and 
which it was difl&cult to introduce without remodelling the whole. 

This has been accordingly done, and it is hoped that the utility 
of the work has been thereby greatly increased. 



MEMOIE OF PETER BAELOW,' 

Hon. M. Inst. C.E. 



Mb. Petbb Baklow was bom in Norwich, in October, 1776, and was 
sent at an early age to a foundation school, where he acquired a good 
English education. He was then placed in a mercantile establishment in 
Norwich, and while in that position and still at an early age, he, together 
with some yoimg friends of a similar turn of mind, formed a juvenile 
scientific society, where they discussed questions in mathematics and the 
physical sciences, for which young Barlow had a natural predilection, and 
eyentually, by his industry and perseyerance, he acquired considerable 
scientific knowledge. 

The political excitement of the times broke up this little society, and the 
members of it became dispersed, some entering the Army and others the 
Navy, whilst Mr. Barlow, turning his attendon to tuition, for which he had 
partially qualified himself by careful study, although without enjoying the 
advantage of good masters, obtained the mastership of a school. He soon 
became a regular correspondent of ** The Ladies' Diary,'' then under the 
management of Dr. Hutton, Professor of Mathematics at Woolwich, under 
whose advice Mr. Barlow was induced, in 1801, to become a candidate for 
the post of additional Mathematical Master at the Boyal Military Academy, 
a position which was only Obtained after a severe competitive examination. 
There he became acquainted with Mr. Bonnycastle, to whose judicious 
advice and assistance he always acknowledged himself to have been much 
indebted. Under the same advice he, in 1808, commenced writing for the 
** Encydopsedia" oonducted by Dr. Bees, and from the letter H to the end, 
be contributed the majority of the mathematical articles of that work. In 
1811 he published his first work on the ** Theory of Numbers," and in 
1814 appeared his ** Mathematical Dictionary," and immediately after- 
wards his " Mathematical Tables," a work which has since been reproduced 
by the Society for the Difiusion of Useful KDOwledge. In 1817 he pub* 
Iished the first edition of an ** Essay on the Strength of Timber and other 

* Excerpt Annua] Beport of the Instltntion of Civil EngmeerB, 1862-8. 



vi MEMOIR. 

Materials," founded on experiments made in the Dockyard and the Arsenal 
at Woolwich, by permission of the Admiralty and of the Board of Ordnance. 
While thus engaged he became acquainted with the late Thomas Telford, 
and assisted him in experiments and calculations for his then proposed 
structure of the Menai Suspension Bridge, and also conducted for him a 
series of experiments on the tides in the Thames, in reference to the then 
projected erection of the new London Bridge. In the report upon the latter 
subject, the effects which the removal of the old London Bridge have since 
manifested upon the bridges of Westminster and Blackfriars were fully 
considered. About this time he also contributed many articles to the 
<< Encyclopaedia Metropolitana." Li 1819 his attention was directed to the 
yariation of the compass needle and the local attraction of ships, and he was 
induced to undertake a series of experiments, with a yiew to disooyer the 
laws of the reciprocal action subsisting between magnets and simple iron 
bodies, and to devise some means of correcting the errors of compasses on 
shipboardi The Groyemment liberally allowed him the fiEwnlities which the 
Dockyard and the Arsenal at Woolwich presented for prosecuting these 
experiments, and the laws of teirestrial magnetism which he, after much 
labour, disooyered, were subsequently confirmed by Captain Basil Hall, 
Captain Mudge, and other officers. These laws and their proposed applica- 
tion for correcting the local attractions of ships formed the subject of his 
*^ Essay on Magnetic Attractions,'' published in 1820. In a second edition 
of this work, in 1823, it was shown that all the laws which had, up to that 
time, rested on experimental deductions, were consistent with a certain 
hypothesis of magnetic action, which theory was subsequently elaborated 
and confirmed in a more general inyestigation of the subject by M. Poisson, 
in a memoir read to the Institute of France in 1824. All doubt on the 
subject being now removed, Mr. Barlow received numerous gratifying marks 
of approbation. He was elected on the Council of the Boyal Society, and 
received the Copley medaL He also received the reward for useful dis- 
coveries, provided by Parliament, in connexion with the then existing 
Board of Longitude. He further received a handsome personal present 
from the Emperor of Russia, and was elected a member of the Imperial 
Academy of Brussels, a corresponding member of the Institute of France, 
and received many other similar distinctions. 

On the 31st of January, 1825, he presented to the Institution of Civil 
Engineers a communication ^^ On the Force exerted by Hydraulic Pressure 
in a Bramah Press ; the resisting power of the cylinder, and rules for com- 
puting the thickness of metal for presses of various powers and dimensions."* 

Mr. Barlow next turned his attention to electro-magnetism, and was the 
author of a work on that subject. While engaged in the experiments he 

• Vide Trans. Inst. C. E., vol. i.p. 138. 



MEMOIR. vii 

oonoeiyed the idea of making electro signals by deflecting a magnetic needle 
with a cnirent of eleotricityy generated by a galTanio battery, and passed 
along a conducting wire. With this object he caused an experiikient to 
be made upon a mile of copper wire, arranged upon posts in his garden, 
at Rushgrove Oottage, Woolwich. The battery employed consisted of 
about twenty pairs of plates 16 inches square. No insulation was giyen 
to the wires, and no coil was employed to multiply the action upon the 
needle. In this experiment, which contained the germ of an inyention 
destined afterwards to become of such important public utility, although 
a certain amount of deflection was obtained, yet &om imperfect insulation 
increased length of wire was found to produce great loss of power, and as 
other subjects of great interest occupied his mind at this time, he discon- 
tinued his experiments upon the electric telegraph. 

Although engaged at this time in contributing articles to several 
scientific works, he applied himself to the improvement of achromatic 
object-glasses, on which subject he communicated a paper to the Boyal 
Society.* Pursuing this subject, he was led to try the effect of substituting 
a fluid contained between two sheets of plate, or crown glass, instead of 
using the concave flint glass lens, generally employed, and he constructed 
two telescopes on this principle. Subsequently the Council of the Boyal 
Society engaged Mr. Dollond to construct a fluid lens telescope under his 
BuperintendeDce, the result of which was satiifactorily reported upon by 
Sir J. Herschel, Professor Airy, and Admiral Smyth. 

Between the years 1833 and 1835 he was engaged in the prosecution of an 
extensive series of medbanioal and other experiments, and in the production 
of a volume containing a description of ** The Manufactures and Machinery 
of Great Britain.^ 

The railway system was at this time in its infancy, and before Engineers 
had established practical data, Mr. Barlow was much occupied in experi- 
ments, and in testing the strength and best form of section of railway bars, 
the effect of gradients and curves, and in determining other questions. 

In 1836 he was appointed one of the Boyal Commissioners for determining 
the best system of railways for Ireland, the report on this subject being 
presented to Parliament in 1838. 

In 1839 he was appointed on a similar commission for determining the 
best route to Scotland and Wales, and the most convenient port for steam 
communication with Ireland. 

On the 5th of March, 1839, a Paper of his was read at the Institution of 
Civil Engineers, entitied *' An Investigation into the Power of Locomotive 
Engines, and the effect produced by that power at different Velocities. "f 

• VicU Phil Trans., 1827, p. 231. 

t Vide Minnies of Proceedings, Inst C.E., vol. i. (1839), p. 46, and Trans. Inst O.B., 
vol. ilL p. 183. 
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In 1842 he was similarly employed upon an inquiry into the general 
merits of the atmospheric system, and in 1845 he was appointed one of the 
Gauge CommisfiionerSy in which he was associated with Sir Frederick Smith 
and Professor Aiiy. 

In 1847, being then seyenty-one years of age, he retired from his duties 
at the Royal Military Academy, and in consideration of hin eminent public 
services, the Goyemment awarded him his full pay on his retirement. 

From this time, although he ceased to engage in active professional duties, 
he continued to take a lively interest in all the leading scientific questions 
of the day. 

So late as the year 1857, although he was eighty-one years of age, he 
wrote a postscript to a Paper communicated to the Boyal Society by his son, 
Mr. W. H. Barlow, M. Inst. O.E., on the ** Besistanoe of Flexure," which 
postscript contained a mathematical investigation of considerable difficulty. 

Mr. Barlow was elected a Fellow of the "ELoytl Society in May, 1823, and 
he was a member of most of the other scientific societies of this and other 
countries. He joined the Institution of Civil Engineers as an Honorary 
Member in 1820, and always took much interest in the proceedings. Of a 
kindly and cheerful disposition, he retained his full powers of mind until his 
death, which took place on the Ist of March, 1862, deeply regretted by his 
numerous fri^ds, and especially by those Officers, his former pupils, who, 
whilst under his guidance at the Boyal Military Academy, had ever found 
him as valued a friend as a conscientious and talented tutor. 
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A TKEATISE 



ON 



THE STRENGTH OF MATERIALS. 



ON THE STRENGTH OF TIMBER 



1. There are four distinct strains to which a beam of timber, 
a bar of metal, or any other hard body, may be exposed, and in 
which the mechanical effort to produce the f5racture, and the resis- 
tance opposed to it by the fibres or particles, are differently 
exerted ; while each of these again is subject to various modifi- 
cations, according to the manner in which the bodies are supported 
or fixed, the positions in which they are placed, and the direction 
of the forces or strains to which they are exposed. 

These four distinct cases or strains may be stated as follow : 

1st A body may be torn asunder by a stretching force applied 
in the direction of its fibres, as in the case of ropes, stretchers, 
king-posts, tie-beams, &c. 

2ndly. It may be broken across by a transverse strain, or by a 
force acting either perpendicularly or obliquely to its length, as in 
the case of levers, joists, &c. 

Srdly. A beam or bar may also be destroyed by a pressure 
exerted in the direction of its length, as in the case of pillars, 
posts, and truss-beams. 

4thly. It may be twisted or wrenched by a force acting in a per- 
pendicular direction, at the extremity of a lever or otherwise, as in 
the case of the axle of a wheel, the lever of a press, &c. 

These several cases will form the subject of inquiry in the 
following pages. 
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Experirrienta on the Strength of Direct Cohesion of the Fibres 

of different kinds of Wood. 

2. It is usual to distinguish by the expression force of direct 
cohesion of bodies, or simply direct cohesion, that force by which 
the fibres or particles of a body resist a separation, and which 
must ultimately be traced to that unknown cause we are 
accustomed to speak of under the denomination of corpuscular 
attrdction. 

This is by far the simplest strain of the four above alluded to 
with regard to its mechanical action ; but the most difficult to 
submit to experiment, in consequence of the enormous forces that 
are requisite to produce the rupture even on pieces of small 
dimensions, and the great difficulty there is in applying these 
forces in the direct line of the fibres of the body ; and if this is 
not done, the first rupture may be occasioned by some unequal 
action of the weight on a part of the fibres only, or by some 
force of torsion, whereby a part of them may be wrenched 
asunder. 

The consequence in either case is, that the force of direct 
cohesion will be estimated at less than its real value ; and it is 
probably owing to this circumstance that so little agreement is 
found in the results of such experiments as have been made with 
a view to this determinati on. | ^ The strength of difiFerent woods of 
the same kind, and of different parts of the same timber, is also 
very different, as has been shown by the experiments of Musschen- 
broeck, Bobison, Buffon, and others ; but, as regards this 
difference, we still unfortunately meet with strange discrepancies. 
Musschenbroeck's experiments were made with great care, and he 
has given a very minute detail of them, particularly those on ash 
and walnut. In these he states the weights required to tear 
asunder slips taken from the four sides of the tree, and on 
each side in a regular succession from the centre to the circum- 
ference. His pieces were all formed into slips fitted to his 
apparatus, and cut down to the form of parallelopipedons of -J-th of 
an inch square, and therefore -rr^^ of * square inch section ; and 
the several weights required to produce the rupture when the 
rods are reduced to a square inch, are as stated in the following 
Table: 
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DIRECT COHESION. 



8. Mussckenhroeck'a remdta on the Strength of Direct Cohesion, 



Ibn. 
Locuit-tree . . .20,100 

Jngeb 18,500 

Beecb, Oak ... . 17,800 

OraDge 15,500 

Alder 13,900 

Blm 18,200 

Mulberry 12,500 

WiUow 12,600 

ABh 12,000 

Plnm 11,800 

Elder 10,000 



fits. 

Pomegranate .... 9,750 

Lemon 9,250 

Tamarind 8,750 

Fir 8,830 

Walnut 8,180 

Pitch Pine 7,650 

Quinee 6,760 

Cypress 6,000 

Poplar 6,600 

Cedar* 4,880 



In these experiments, it was found, that the wood immediately 
surrounding the pith or heart was the weakest Dr. Robison also 
asserts, under the article Strength, " Encyclopaedia Britannica," 
from his own observation on very large oaks and firs, that the 
heart was weaker than the exterior parts. He observes also, that 
the wood next the bark, commonly called the white, or sap, is 
again weaker than the rest; and that, generally, the greatest 
strength is found between the centre and the sap. 

With regard to our experiments, they were not particularly 
directed towards this inquiry ; but, in most cases, the heaviest 
wood was found the strongest ; and this was generally the case 
with those parts that grew nearest the centre of the tnmk, and 
nearest to the root, provided it was so far removed from the latter 
as not to be very cross-grained. M. Girard'f is also of the same 
opinion, stating it as a well-established fact, that the strongest part 
of a tree is nearest the centre. 

4. From this contrariety of results, it is difficult to draw any 
satisfactory conclusion : the. probability is, that much depends upon 
the age of the timber, and on the soil in which it is grown. While 
the tree is advancing in its growth, the last-formed wood, that is, 
the exterior parts, are probably weaker than the heart ; but when 
a tree has attained complete maturity, and approaches, though 
imperceptibly, towards decay, the circumstances may be reversed ; 
the exterior parts, or last-formed wood, becoming harder and 
stronger, while the central parts are beginning to experience that 

* See Mii88chenbroeek*8 " System of Natural Philosophj," published after his death, 
by Lnlofis 3 toLb. 4to. ; or the French translation of the same, by Sigaud de la Fond, 
Paris, 1760. 

t "Traits Analytiqne de la R6sistanoe des Solides." 
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dissolution which ultimately pervades the whole. It may be 
observed, that Dr. Robison states his timbers to be very 
large ; and Musschenbroeck's must have likewise been of con- 
siderable size, from the number of slips he was able to cut out 
between the centre and circumference: both which circum- 
stances seem to give a degree of probability to the above 
suggestions. 

Very nearly the same view is taken of this subject by Du 
Hamel, in his work, " Sur FExploitation des Bois," where the same 
ideas are given, not (as those above) merely as conjectures, but as 
facts, drawn from numerous experiments and observations. The 
author concludes his chapter on this subject as follows : '' Si ce que 
nous venons d*avancer est vrai, il faut n^essairement que le bois 
qui est vers le centre du pied d'un arbre, encore en crue, soit plus 
pesant que celui qui est au haut de la tige, et dans toutes les 
parties de Tarbre ; que celui qui est au centre, doit 6tre plus pesant 
que celui qui est k la circonfdrence. Au contraire, quand les arbres 
sent sur leur retour, le bois du centre doit etre moins pesant que 
celui qui est plus prfes de la superficie, k cause de Talt^ration qu'il 
a soufferte. C'est un fait que nous avons vdrifi^ par plusieurs 
experiences.** 

The work above referred to, by Du Hamel, contains many very 
curious and interesting experiments connected with this subject, as 
to the chemical analysis and natural decomposition of wood ; of 
the quality of different woods, as depending upon the nature of the 
soil, &c. 

From a great number of experiments and observations on the 
latter point, the author concludes that the best oaks, elms, and 
other great trees are the produce of good lands, rather of a dry 
than of a moist quality : they have a fine and clear bark ; the sap 
is thinner in proportion to the diameter of the trunk ; the ligneous 
layera are less thick, but are more adherent the one to the other, 
and have a greater uniformity of texture, than trees which grow 
in moister situations. The grain of these woods is fine and com- 
pact ; and when they are examined with a good glass, their pores 
are observed to be filled with a species of varnish or glutinous 
matter, strongly adherent, which gives them commonly a pale 
yellow colaur, by which they may be distinguished from trees 
that are the growth of a different soil 

Also, in consequence of the closeness of their pores, they are 
more dense and heavy, become extremely hard, and resist the 
attack of worms. 
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The specific gravity of a tree grown in such soil as that above 
described, is to that of a similar tree in a wet marshy situation, 
frequently as 7 to 5 ; and the weights which a similar beam will 
support without breaking, in the two cases, are in about the ratio 
of 5 to 4. 

May not this account for the superior quality of the Sussex oak ? 
which I am informed by Mr. Hookey, timber-master in Deptford 
Dockyard, he has always found to be the best for strength and 
durability : that the next in quality is that which grows in the 
south-west parts of Kent, and the north-east parts of Hampshire. 

6, As to the density of the top and bottom of the same tree, 
and of the centre and external parts, much depends upon the age 
of the timber when felled ; but generally, in a sound tree, the 
density is found to decrease from the butt upwards, and from the 
centre to the circumference. On the former point, the following 
experiments, Table A, the result of many years' observation, which 
have been made with great care by Mr. B. Couch, timber-master 
in Plymouth Dockyard, are highly valuable ; and they are given in 
preference to those of Du Hamel ; not only on account of their 
containing a greater variety of woods, but because the results are 
given in weights and measures which are more familiar to English 
engineers. 

6, To the same gentleman I am indebted for Table B relative 
to the loss of weight sustained by oak in seasoning. The eight 
pieces on which the experiments were made, were English oak, 
varying from 3 inches to 10| inches in thickness, and from 24 
inches to 40 inches in length ; the particulars of which are stated 
in the three upper lines in this Table: the dimensions there 
given being those of the pieces when first taken from the saw- 
pits in their rough state, viz., without planing; and not being 
originally cut for the purpose of these experiments, most of the 
dimensions are found partly fractional 

These several pieces were laid on the beams of a smith's shop, 
and placed at such a distance from the forges that the fire might 
only operate sufficiently to keep the air dry. They were converted 
from trees just received from the forest, and were weighed every 
month, from Februaiy, 1810, to August, 1812 ; at which latter 
period, it was observed that the larger pieces lost but little of their 
weight, and the weighing of them monthly was therefore discon- 
tinued, and only performed annually, as shown in the Table : 
from which it appears that the 
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Total weight, February 1810, 
Dittos August, 1815 . 



9721 Ttm. 
6804 



Weightiest . . 841} 

That IB, more than one-third of the weight is lost in seasoning. 

The specific gravity of No. 1, before seasoning, was 1074, and 
after that process only 720 ; and it is probable that the speciHc 
gravity of oak is always within these limits ; or, at least, that it 
seldom much exceeds the greatest, or falls below the least of these 
numbers. 

TABLE OF BXPERIHENTS (B) 
RelaUve to the Lon of Weight in Seatonmg Englith Oak. 

By Mb. CguoH. 





No. 1. 


No. 2. 


No. 8. 


No. 4. 


No. 5. 


No. 6. 


No. 7. 


No. 8. 




Inchea. 


Inches. 


Jnchefi. 


Inclies. 


Inches. 


Inches. 


Inches. 


Inches. 


Length 


24} 

16f 


251 


30i 


314 


89} 


304 


374 


88} 


Breadth . . . 


144 


164 


124 


16} 


12} 


144 


144 


Depth 


• 


10} 


9} 


8i 


n 


6 


4 


8 


PerlodB of WeSghis 


g- 


lb8. 


lbs. 


lbs. 


lbs. 


lbs. 


lbs. 


lbs. 


lbs. 


February, 1810 . 




1634 


183 


164 


1044 


1634 


774 


92 


744 


March 




1544 


1234 


1554 
1514 


99 


148} 


714 


824 


654 


April . 




1494 


118 


96 


1424 


68 


78 


60} 


May . 




1444 


1134 


147 


92} 


135} 


664 


75 


56} 


June . 




1404 


1094 


1434 


904 


1304 


64 


714 


5^4 


July . 




137} 


106^ 


141 


884 


127 


62 


694 


514 


August 




1354 


1044 


1394 
1374 


87 


123} 


61 


67} 


504 


September . 




133 


102} 


854 


121 


59} 


66 


494 


October 




1311 


1014 


136 


844 


1194 
117} 


58} 


%5 


484 


November . 




130; 


1004 


134} 


84 


584 


644 


47} 


December 




129} 


994 


1344 


834 


1174 


58 


63} 


47} 


January, 1811 • 




129 


99 


133} 


82} 


116} 


57} 


634 


474 


February* . 




1304 


1004 


135 


84 


118 


57} 


65 


474 


March 




1274 


98 


132 


81} 


115 


57 


62} 


47 


Aprilf . 




127; 


97 


132} 


83 


116 


584 


64 


464 


May . 




125:- 


964 


130 


804 


1134 


564 


61} 


464 


June . 




124 


954 


1294 


794 


1124 


55} 


61 


464 


JulyJ . . 




124 


96 


1294 


80} 


1124 


554 


624 
6O4 


46 

* 


August • 




121} 


934 


127 


784 


109} 


544 


454 


September 




122 


924 


1274 


794 


109 


56 


594 


451 


October 




119} 


92 


125i 


77i 


1084 


54 


594 


454 


November . 




121 


93} 


1264 


77 


110 


56 


594 
594 


45} 


December . 




119} 


91} 


125 


774 


1084 


54 


45} 


JaDuary, 1812 




119 


914 


1244 


764 


107} 


53} 


59 


45} 


February . 




118} 


914 


124 


76} 


1074 


534 


59 


45} 


March . 




1184 


91 


124 


76} 


107} 


534 


594 

58} 


45} 


April 




1174 


90} 


128 


764 


106} 


534 


454 


May 




1174 


904 


122} 


75} 


1064 


53 


584 


454 


June . • • 




116} 


894 
894 


122 


754 


106 


52} 


58 


454 


July . 




116 


1214 


754 


105} 


52} 


58j 


• 


454 


August, 1812 . 




1154 


89 


121 


74} 


105: 


524 


58 


> 
1 


454 


August, 1813 




1114 


85} 


116} 


724 


lOSJ 


514 


57 


, 


45 


August, 18U . 




1084 


85 


1144 


714 


108 


51 


574 


454 


August, 1815 




106} 


844 


1124 


704 


102} 


514 


574 


45 



* Very much rain since last weighed. 
Bained several days previous to weighing. 
Constant rain for two days previous to weighing. 
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The loss of weight in the preceding experiments was more rapid 
than in the similar experiments of Du Hamel : but much depends 
upon the nature of the soil in which the trees grow, as the timber 
of moist land loses more of its weight in seasoning than that which 
is the produce of a drier and better soil 

7. The process of seasoning may be facilitate by boiling, 
steaming, &c., as appears from the following experiments of Mr. 
Hookey. The three pieces marked Nos. 1, 2, and 3, were English 
oak, each four feet long and three inches square ; all cut from the 
same timber. No. 1 was placed in the steam kiln for twelve hours; 
No. 2 was boiled for the same time in fresh water ; and No. 3 was 
left in its natural state. The weights of the three pieces, previous 
to the experiment) and at the end of each month for half a year 
afterwards, were as stated below. 



TImee of Weighing. 


No. 1. 
Steamed. 


No. 2. 
Boiled. 


No. 8. 
Natural State. 


Pre?ion8 to the experiment 
After ditto .... 

June 

July . . . 

Abgast 

September . ... 
October . • , , 
Noyember . . . , 




Weight 

lbs. OE. 

16 12i 
16 6 
15 1 
14 2 
13 18 
12 10 
12 5 
11 10 


Weight 

lbs. OE. 

16 15 
16 14 
15 10 
14 12 
14 
13 6 
12 10 
12 5 


Weight 

lbs. OB. 

16 14 
16 14 
16 5 
15 14 
15 5 
15 
14 12 
14 8 



All the pieces were placed in the same place, in the open air, 
and in the same position (le., vertically,) after the experiment, and 
were continued so during the sixmonths that their weights were 
taken. 

From the above it appears that the process of seasoning went 
on more rapidly in the piece that was steamed than in that which 
was boiled ; but that in the latter, the process was carried on much 
quicker than in the piece which was left in its natural state : 

The first had its specific gravity redaced from 1050 to 744. 

The second from 1084 to 788. 

And the thiid .... from 1080 to 928. 

We must look to the philosopher for a satisfactory solution of 
the problem presented in these results. Mr. Hookey* accounts for 
the facts by supposing, that the process of boiling or steaming 



* To this gentleman is due the ingenions idea of bending laige ship timbers.- 
*' Transactions of the Society of Arts," vol. zzziL 
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dissolves tbe pithy substance contained in the air tubes, by which 
means the latter fluid circulates more freely, and that the seasoning 
thereby proceeds with greater rapidity. 

8. From the several experiments above given, and from others 
foimd in Dii HameUs work above referred to, it appears, 

1. That the density of the same species of timber, and in the 
same climate, but on different soils, will vary as much as in the 
ratio of seven to five ; and that the strength of the same will be, 
both before and after seasoning, in nearly the ratio of five to four. 

2. In healthy trees, or those which have not already passed their 
prime, the density of the butt is in some cases to that of the top 
in about the ratio of four to three, and that of the centre to the 
circumference as seven to five. 

3. The contrary occurs when the tree is left standing after it has 
acquired full maturity ; viz., the butt will in this case be specifi- 
cally lighter than the top, and the centre than the outward part of 
the trunk within the bark. 

4. That oak, in seasoning, loses at least one-third of its original 
weight; and this process is much facilitated by steaming or 
boiling. 

On these subjects, as well as a variety of others, relative to the 
quality of timber, &c., which do not properly fall within the plan 
of this work, the reader is refen-ed to the treatise of Du Hamel 
above mentioned, where he wiU find much useful and important 
information. 

JEocpervmente made for determinirig the Strength of Direct 

Cohesion of differervt Woods, 

9. It has been before remarked, that notwithstanding the 
mechanical operation in this kind of fracture is by far the most 
simple of the four alluded to, yet it is the most difficult to submit 
to actual experiment in wood ; and it was not till after some con- 
sideration and one or two failures, that we were led to adopt the 
apparatus exhibited in Plate I. 

Here A B, fig. 1, represents one of the pieces whose strength is 
to be determined, its whole length being 12 inches ; the length of 
each square end 3^ inches, and the side of the square end 1 \ inch: 
the intermediate part of 5 inches was turned in an excellent 
instnmient by a very correct workman,* and brought down in the 

* Mr. Shorty modeller to the Royal Military Academy. 
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centre to Jrd or ^th of an inch in diameter ; * but 'the other cylin- 
drical parts were made each f inch in diameter. C C^ D D, fig. 2, 
represent two strong iron bars, brought to the form shown in the 
Plate; O G aie two screws which are passed through the holes H H, 
in the bar D D, and are there screwed fast by the nuts 1 1 ; E E 
are two semicircular collars, riveted one to each bar, which, when 
the two are fixed together, form a circular plate, as represented in 
fig. 4. The circular hollow parts e, e, are } inch in diameter, so as 
to fit exactly the larger part of the cylinder shown in fig. 1. These 
bars, after being screwed together, were rested on their supports, 
as in fig. 4, and, as the workmen express it, brought out of 
poinding, and accurately adjusted to a horizontal position by a 
spirit leveL 

The two iron boxes MNO, M'N'O', fig. 3, were made exactly 
to fit the square head B, of fig. 1, having also two semicircular 
holes at top, correctly fitted to the larger part of the cylinder : 
these were shut by passing the bolts through the holes N, M, and 
were thus secured by the two aheers shown in fig. 4. 

Having thus described the separate parts of the apparatus, the 
reader will perceive at once the manner in which they were em- 
ployed in the experiment : viz., the head A, of fig. 1, was placed 
above the collar E E, fig. 2, the upper larger cylindrical part of 
fig. 1 being placed in the hollow parts e, e, of fig. 2, when the two 
parts were securely fixed together by the nuts and screws I, G ; 
I, G. In the same manner the lower end B, of fig. 1, was enclosed 
in the two iron boxes M N O, M' N' O', fig. 3, and fastened in that 
position by means of the bolts, seen in fig. 4, and the sheers above 
described. The whole was then rested on the props, fig. 4 ; and 
the hook of the scale being inserted in the circular hole formed by 
O, (y, fig. 3, the whole was ready for the experiment, as shown at 
large in the former figure. 

Everything being thus prepared, the wedges shown in the Plate 
were introduced under the scale, to keep it steady, while the larger 
weights were put in ; the former were then removed, and smaller 
weights added in succession till the fracture took place. 

The weights were 10-inch, 8-inch, and 5^-inch shells, loaded 
each with as many musket-balls as brought them respectively to 
100 lbs., 50 fl>s., and 15 Jbs. A few common weights of 7 ibs., 4 lbs., 

* As it iru diffienlt to measare tbtj exactly tbe diameter of the small cylinder, it was 
found by winding a fine thread of silk ten times about it^ and then dividing its length 
by the number of Tolation% in order to get the mean oirenmferenoe^ and hence the 
diameter. 
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2 lbs., &c., were ako employed toward the conclusion of an experi- 
ment, where it was necessary to increase the weight by small 
degrees. 

It should also be observed, that as a slight vibration of the scale 
might cause a fracture in the small cylinder submitted to the 
operation of the weight, four small braces were made use of, one at 
each comer of the scale, to prevent any such motion. These were 
attached to the four inward legs of the stand, which are omitted in 
the Plate, to avoid a complication of parts. 

The results of these experiments are exhibited in the following 
Table. 



TABLK I. 
10. EoeperimenU on the Direct Cohuion of different Woods, 



No. of 
experi. 
menta. . 


Nsmeaof 
the woods. 


Specific 
gravity. 


Circum- 
ference. 


1 


Fir 


eoo 


105 


2 


do. 


600 


1-10 


8 


do. 


600 


110 


4 


do. 


600 


105 


5 


do. 


600 


111 


6 


do. 


600 


1-05 


7 


do. 


581 


110 


8 


do. 


564 


1-10 


9 


do. 


601 


110 


10 


do. 


611 


1-10 


11 


do. 


532 


MO 


12 


do. 


590 


1-10 



Weight 
in lbs. 



1140 
1260 
1191 
1160 
1213 
1180 



Weiffht 

reduced to a 

square 

inch. 



12993 
18073 
12037 
18220 
12371 
13448 



1059 
1201 
1094 
1130 
1076 
1112 



11000 
12472 
11860 
11736 
11180 
11548 



Mean yalue of 
direct cohe- 
sion on a 
square inch. 



12857 



11549 



The first six experiments were made upon the fragments of the 4-foot pieces (Art. 82), 
which were the same also as the triangular pieces, Nos. 8, 4^ 7, and 8 (Art 87), were 
oat from. 

These pieces were all oat from a plank remarkably free from knots and irregularities, 
wkich throughout gave more uniform results than any other specimen. 

No. 7, broke by a part of the fibres drawing out of the bead of the piece ; it was pro- 
bably first broken by an accidental motion of tiiie scale. 

No. 9, broke by the whole of the middle cylinder drawing out of the head, to the 
length of about 2 inches, where there was a knot, which might bieak off the continuation 
of the fibres. The others were all complete fractures. 
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TABLB L—ioonivnued), 
XL Esq^ermenii on the Direct CoKetion of different Woode, 



No. of 
experi- 
meuts. 


Names of 
the woods. 


Specific 
gmvity. 


Cfrcum- 
ferenoe. 


Weight 
infts. 


Weiffht 
reduced to a 
square inch. 


Mean value of 

direct 

ooheaion. 


13 
14 

15 


Ash 

do. 

do. 


594 
611 
611 


-8800 
•9000 
•8750 


1100 
1096 
1024 


17850 
17003 
16770 


[ 17207 


16 
17 
18 


do. 
do. 
do. 


600 
600 
600 


•8375 
•8625 
•8750 


881 
1025 
1081 


15784 
17315 
17742 


[ 16947 


19 
20 
21 


Beech 
do. 
do. 


712 
694 
700 


•880 
•890 
•900 


716 
721 
781 


11626 
11437 
11388 


I 11467 


22 
23 
24 


Oak 

do. 

do. 


770 
770 
770 


110 
110 
1-10 


856 
887 
908 


8889 
9211 
9494 


[ 9198 


25 
26 
27 


do. 
do. 
do. 


920 
920 
920 


•8800 * 

•8750 

•8900 


740 
712 
698 


12008 
11660 
11072 


[ 11580 


28 
29 
30 


Teak 
do. 
do. 


860 
860 
860 


•8625 
•8625 
•8625 


868 
900 
912 


14662 
15203 
15405 


I 15090 


81 
22 
33 


Box 

do. 

do. 


960 

960 

1024 


•8625 
•b625 
•8625 


1168 
1160 
1200 


19780 
19595 
20348 


[ 19891 



Notbiog remarkable happened in the oonrBe of these ezperimenta, except that No. 4 of 
the ash, vis. No. 16 aboye, was observed to twist, during the action of the weight, about 
lYi but the fracture took place in the small part of &e cylinder : as this piece, how- 
erer, bore less weight than any other of the a^, it is probably to be attributed to the 
above drcnmstance : a similar effect was observed in the specimens of mahogany, as 
stated below. 

It is proper to observe, that Nos. 13, 14, and 15 were made from the fragments of the 
2-inch square ash pieces, Art. 95 ; those of the beech from the fragments of the similar 
pieces, Art. 96. 

The first three oak pieces were off the same plank as the several battens. Art 93. It 
iras a Tery fine piece of English oak, which had been a considerable time in store, and 
was perfbetly dry : the other specimen, vis., Nos. 25, 26, and 27, appears, from its 
specific gravity, to have been more recently felled : it wss also of a closer texture. 

Nos. 28, 29, and 30 were from a piece of teak which bad been taken from an old ship. 
Some other qiedmeus were tried, but the results were so irregular, that it would be 
useless to give them ; and exactly the same occurred in the first experiments on the 
transverse strain of this wood. 

In the first two experiments on box, the small part of the cylinder drew out of the 
head, which was b\ inches in length, but not so perfectly as in the fir piece already men- 
tioned ; the part that drew out being very tapering, so that we could barely see through 
the hole thus formed. It is therefore obvious that^ although the mean strength 
amounts to nearly 20,000 lbs. upon a square inch, this is still short of the absolute 
strength of direct cohesion of this wood. 
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TABLE L-—{eoniinued).} 
12. Experiments on the Direct Cohesion of different Woods, 



No. of 
expert- 
xnentB. 


Names of 
the woods. 


Spedflc 
gravity. 


Clrcum- 
ferenoo. 


Weight 
in la. 


Weight 
reduced to a 
sqiiare inch. 


Mean value of 

direct 

cohesion. 


84 
35 
86 


Pear 
do. 
do. 


646 
646 
646 


-8625 
•8500 
'8625 


683 
523 
523 


11587 
9096 
8834 


( 9822 


87 
88 
89 


Mahogany 
do. 
do. 


637 
687 
637 


1-1125 
1-1125 
1-1125 


783 
783 
810 


7950 
7960 
8224 


[ 8041 



The same may be obBerved with regard to the mahogany, bat it proceeded from a 
different caose ; vu., the twisting of the piecesi which, in all the experiments, wrenched 
the fibres asnnder, instead of drawing them apart. The effect seems to have been 
exactly the same as would happen to a weight suspended to a rope, which would have a 
tendency to untwist ; and it is highly probable that the fibres of the tree had acquired, 
in their growth, a situation with regard to each other similar to that of the component 
fibres of the rope, but of course in a much smaller degree. 

Expervments on the Lateral Adhesion of Fir. 

13. It is stated in a few of the preceding experiments, that the 
fibres, instead of breaking, as was intended, in some instances 
drew out, either wholly or in pai-t, from the head of the pieces, 
notwithstanding these were, in one instance, more than 5 inches in 
length. This circumstance suggested the following experiments, 
in which the head of the piece was bored down very accurately to 
the distances stated in the third column, viz., to the insertion of 
the smaller cylinder into the greater part ; the several pieces were 
then suspended, as in the foregoing experiments, and the weights 
put on as usual, till the separation took place ; that is^ till the 
small part was drawn out, or broken. 

TABLE II. 



No. of 
experi- 
menfaB. 


Names of 
the woods. 


Length 

drawn 

out 


Circum- 
ference. 


Welffht 
inibs. 


Weight 
{[reduced to 
one inch 
surface. 


Mean value of 
lateral cohe- 
sion on one 
ineh surface. 


1 
2 
8 
4 
5 
6 


Fir. 
do. 
do. 
do. 
do. 
do. 


1-625 
1-625 
1-625 
1-875 
1-500 
1-500 


11 

1-15 

1-15 

1-15 

115 

1-15 


996 
1187 
1117 
1066 
1000 
1000 


556 
621 
584 
684 
578 
578 


' 592 



Noe. 1, 8,- and 5 were drawn out yery completely ; the part which came out being 
nearly as perfect a cylinder as that which was turned : the other three were more or less 
irregular. 

Nos. 2 and 4 twisted at least 10* before the separation took place. 

It appears from the aboye, that the lateral adhesion \m not more than one-twentieth of 
the direct cohesion in fir. With the other woods we did not attempt any experiments. 
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14. From a mean derived from the preceding expei-iments, and 
employing only the nearest whole numbers, it appears that the 
strength of direct cohesion on a squai'e inch of 



lbs. 
Box, 18 about .... 20,000 

^sh 17,000 

Teak 15,000 

Fir 12,000 



lbs. 

Beech 11,500 

Oak 10,000 

Pear 9,800 

Mahogany 8,000 



Also, that the strength of the lateral adhesion of the fibres in fir 
is about equal to 600 n>s. on a square inch. 

Some of these numbers differ considerably from those given by 
Musschenbroeck, as is stated in Art 3 ; on which head it will be 
sufficient to observe, that the preceding experiments, from which 
the above results are drawn, were made with every possible care 
that the delicacy of the operation required. . 

16. PracticaZ Rule. — Since the strength of direct cohesion must 
necessarily be proportional to the number of fibres, or to the area 
of the section,* it follows, that the strength of any rod will be 
found by multiplying the number of square inches in its section 
by the corresponding tabular number, as given above. 

This, however, gives the absolute strength, or rather the weight 
that would destroy the bar ; and practical men assert, that not 
more than one-fourth of this ought to be employed. I have, how- 
ever, left more than three-fourths of the whole weight hanging for 
twenty-four or forty-eight hours, without perceiving the least 
change in the state of the fibres, or any diminution of their ulti- 
mate strength. 

On ihe Transverse Strength of Timber, 

16, By the transverse strength of timber is to be understood 
the resistance which this material opposes to a force or weight 
acting upon it transversely to its length, either perpendicularly or 
obliquely ; and it naturally divides itself into three distinct con- 
siderations, viz. : — 

1st. The mechanical strain which a given force acting in a given 
direction produces on the section of fracture. 

2ndly. The nature of the mechanical action of the fibres to 
resist this strain. 



* Thii^ it must be obserred, is ndt alwaja the case in practice, as from reference to 
rabeeqaeot statements, the actual strength of iron, both wrought and cast, varies more or 
less with the form and dimuisions of the section. 
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Srdly. The actual strength of the fibres when thus excited; 
which of course varies considerably in woods of different kinds. 

The two former are merely questions relating to theoretical 
mechanics and geometry, while the latter is wholly experimental 

Mechanism of the Trcmsverae Stram. 

17. A beam of timber A C I F, fig. 1, Plate IL, fixed with one 
end in a wall, and loaded with a weight W at the other, will be 
deflected from its first horizontal position AH, into an oblique 
direction A F, fig. 2, supposing it for the present inflexible in every 
point, except in the section of fracture A C. And this deflection, 
as we shall see, takes place about a line denoted by ti in the figure 
(called the neutral axis) within the centre of fracture, which it is 
very important to determine, when we are considering the nature 
of the resisting forces of the fibres ; but at present our object is 
merely to estimate the exciting or straining force, which is 
obviously the product of the weight into the effective length of the 
lever n F \ that is, analytically denoting the strain by / ; 

/= «P.oo«nFB. W, or 
/ = Z COS A W, 

denoting nFhj I, the weight by W, and the angle nFB o{ deflec- 
tion by A. 

It will be observed that nF is not the length of the beam, but 
the distance of the neutral axis from the point on which the 
weight is suspended ; nor is the angle nFB actually the angle of 
deflection of the beam ; but as the depth of beams is generally 
small in comparison to their length, and the depth of the neutral 
axis still smaller, we shall in what follows, except the contrary be 
expressed, consider I as the length of the beam, and A as the 
angle of deflection, as it will simplify the investigation, and can 
produce no sensible error. 

When a beam, instead of being fixed at one end into a wall, is 
merely rested on a support at its middle point, and loaded at each 
end, the tension of the upper fibre is still the same as in the 
former case ; the length of the beam in the latter instance being 
supposed double what it is in the former ; that is, supposing the 
beam F F', fig. 3, to be double A F, fig. 2, then the thi-ee weights 
being equal, the tension of the fibre A 6, in both cases, will be the 
same ; excepting only so much of it as depends upon the cosine of 
the angle of deflection, which in fig. 3 will be only half that in 
fig. 2 : the same general expression, however, will apply in both 
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cases, by merely changing I in the former into ^ 2 in the latter ; so 
that we shaU have in this case 

/ = i Z oofl A W. 

18. Now, a beam resting on a fulcrum C, in the middle of its 
length, as in fig. 3, and acted upon by two weights W, W, has 
commonly been considered in the same state, with regard to the 
strain upon it, as the equal beam F F', fig. 4, which is rested on 
the two props FF', and loaded with a double weight P, at its 
centre : and this is sufficiently correct in all common cases, 
although not strictly so when the deflection of the beam is con- 
siderable, as may be demonstrated as follows. 

In the first place, it is obvious that the resistance of the props is 
not made in a direction parallel to that of the vertical weight P, 
but pei-pendicular to the arms of the lever F n, F' w ; and there- 
fore, that the beam Ls, with regard to its strain, kept in equilibrio 
by the action of the three forces, F O, F' O, and O R ; the former, 
F O, F' O, being supposed perpendicular ix>Fn,¥^n, 

The reaction of the fulcrums FF' will therefore be to the 
weight P, as F O to half O R> or O C ; or as radius to the cosine of 
the angle F O ti or 7i F' C ; that is, as radius to the cosine of the 
angle of deflection. 

Hence, when a beam is rested upon two fixed props, and loaded 
at its middle point by any weight P, the strain upon that middle 
point, arising from the reaction of the props, will be found by 
the following proportion, as 

r. ^ ^„ ,« FO.P 
: P : : i P : Yoo' ^^ 

008. A : rad : : i P : > or ^ . , 

" 2 008 A 2 008 A 

taking radius equal to unity; or if we call i P = W, then, according 

to our former notation, 

iZ.W ^P 



/« 



008 A 4 008 A 



This supposes the arms of the lever F ti, F 7i, to remain of the 
same length ; but it is obvious that this is also an erroneous hypo-' 
thesis ; for the props, or fulcrums, being fixed, these arms, either 
by the stretching of the fibres, or by the piece of wood slipping 
between the points of support, are more and more lengthened as 
the piece descends ; viz., the length of the lever is to half the 
distance of the props, as rad to cos A ; and, consequently, the 

nui 

strain on this account is again increased in the ratio of — or 
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-— -" to radius 1 ; whence, by introducing .this consideration, our 
former expression becomes 

Z P Z P sec' A 



/ = 



4 cos' A 



19. In all practical cases the angle of deflection A is so small 
that the secant may be considered as unity ; but in extreme cases 
of experimental fracture it is considerable ; and as attending to 
this circumstance may serve to explain what has hitherto been 
considered an anomaly in the experiments of Buffon and others, 
it may not be amiss to examine the question a little more parti- 
cularly, especially as it seems to have escaped the attention of 
other authors. 

Let, then, A C B, Plate III., fig. 1, represent a beam of timber, 
or simply a lever, which, in the first place, we will suppose to be 
kept in equilibrio by the two equal weights W, W, and the re- 
sistance of the fulcrum C, or by a weight P, acting in an opposite 
direction C Q ; then it is obvious that the weight P must be exactly 
equal to the two weights W, W, or P = 2 W, the lever being sup- 
posed void of gravity. But the effect of the weights W, W, on 
the two levers A C, B C, as they relate to any strain at C, may be 
produced by two less weights w, v/, acting perpendicularly to 
these levers ; and these less weights, from the nature of the com- 
position and resolution of forces, are to the two given weights 
W, W\ in the ratio of OB, or OA, to 00. 

If, therefore, the lever AB be kept in equilibrio by the weights 
w, v/, in the directions A O, B 0, the reaction of the fulcrum, that 
is, the weight P, must be reduced in the ratio of O 0* : O B* ; for 
the weights themselves are less in the simple ratio of these lines, 
and their vertical action is also less in the same proportion ; and, 
consequently, the resistance at the fulcrum, or the weight P, will 
be decreased in the duplicate ratio of O to O B, or as O C" : O B'. 
And, on the other hand, if the weight P remain the same in both 
cases, then the equilibrium will require the weights w, w\ to be 
increased in the ratio of O B' : O 0* ; and, consequently, the effect 
of these on the two levers A 0, B 0, to produce a fi-acture or strain 
at 0, will have the same increased energy. 

The reader will perceive immediately that these two cases of 
equilibrium are similar to those of the two beams in fig. 3 and 
fig. 4, Plate II., and that they agree with the former deductions ; 

the first being/ =4ZWoo8A = |ZPcobA, 
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and the second, / = — = . 

008 A 4 cos A 

where these two forces, or strains, are obviously to each other in 
the ratio of rad* : cos* A, or as the square of radius to the square of 
the cosine of deflection. 

In this case, however, the length of the lever is not changed, 
because the weights are supposed to act at a fixed point ; whereas 
in the former case, that is, when the beam is rested on two props, 
there is an actual lengthening of the arms of the lever ; and in the 
latter instance, therefore, as before shown, the strain must be 

increased by multiplying the second formula by — —, or the 
strain 

in ihe first case « { Z P cos A, 

and in the second = 1 i P . — - — ; 

cos' A 

that is, they are to each other as cos* A to rad'; whereas all 
writers that I am acquainted with on this subject consider them 
equal to each other. 

Some mathematical readers may probably think I have been 
much more minute and explicit in the preceding investigation 
than was necessary ; but those who are not so conversant with the 
resolution of forces, may not disapprove of the pains taken to 
render the deductions clear and satisfactory. 

It may not, however, be improper again to remark, that although 
the cos* of the angle of deflection being introduced into the general 
formulae, may seiTe to explain some anomalies in the final results 
of different sets of experiments, it is a quantity which may always 
be dispensed with when our object is only to obtain the proper 
dimensions of beams for building, or other practical applications ; 
because in these cases the defiection is always very inconsiderable, 
and its cosine little less than radius : in all cases, therefore, except 
when it is in contemplation to compare the ultimate results of 
different experiments, we shall omit the introduction of the cos A, 
and consider the straining forces under the more simple form 

/-ZW,or/«iZW, 

according as the beam is fixed at one end, or supported at both ; 

writing in the latter expression W, for what has been before 

denoted by P, viz., the suspended weight. 

20. Let us now endeavour to ascertain the strain upon the 

centre of a beam which is loaded at that point, having each of its 

ends fixed in a wall or other immoveable mass. 

8 
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If the beam, instead of being fixed at each end, were merely 
rested on two props, and extended beyond them, on each side, a 
distance equal to half their distance ; and if weights w, v/, fig. 12, 
Plate III., were suspended from these latter points, each equal to 
one-fourth the weight W, then this would be double of that neces- 
sary to produce the firacture in the common case ; for, dividing the 
weight W into four equal parts, we may conceive two of these 
parts employed in producing the strain or fracture at E, and one 
of each of the other parts as acting in opposition to w and w\ and 
by these means tending to produce the fractures at F and F'. 

This is the case which has been by most authors erroneously 
confounded with the former, but the distinction between them is 
sufficiently obvious ; because here the tension of the fibres, in the 
places where the strains are excited, are all equal ; whereas in the 
former case the strains at the fixed points are manifestly less from 
the compressibility and consequent yielding of the material in 
which they are fixed. In fact, in every experiment that I made, 
after the complete fracture in the middle, the two fragments had 
been so little strained at the points of fixing, that they soon after 
recovered their correct rectilinear form. 

Parent and Belidor, in their experiments, and indeed all experi- 
mentalists except Musschenbroeck, make the strength of their 
beams, when fixed at the ends, to the same when merely sup- 
ported, in the ratio 3 to 2 ; but theorists have always made the 
ratio that of 4 to 2, as above stated, which is obviously erroneous. 

The formula, therefore, in this case, will be /=i IW, or more 
accurately, /= ^IW sec* A 

21. At present we have considered the load as being placed 
upon the middle of the beam ; let us now endeavour to ascertain 
what strain will be excited in it when the weight is placed in any 
other part than the centre, as at C, fig. 2, Plate III. 

Here, since the tension of the fibre A B is the same, whether it 

be estimated towards F or F', we may suppose the weight W to be 

divided into two weights which shall have to each other the ratio 

oflCtoTC; that is, 

IC. W 



as I r : I C : : W : 
I r : r C : : W : 



ir ' 
ro. w 



ir • 

Then it is obvious, that whether we consider the first of these 
weights as acting at the point C of the lever C I\ or the latter as 
acting at the point C of the lever C I, or both of them as acting 
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at the point C of the beam, or compound lever, I F, the strain 
or tension of the fibre A B will be the same, and will be ex- 
pressed by 

^ rc.w - _ I c . r c . w 

/=-y^ xIC= ;or 

f=-rr ** ^^- ir — • 

Hence, if i be taken to denote the length of the beam I I', and m 
and n, the two distances I C, T C, then 

** * W = ^^ w. 



That is, the strain varies as the rectangle of the two parts into 
which the beam is divided by the point of suspension : and hence 
it follows, that the strain will be the greatest when this rectangle 
is the greatest ; that is, when the weight acts at the centre. 

22. Let us now take the case of two weights suspended from 
any two points of a beam, to determine the strain upon the beam 
at any given point 

Conceive F I T F, Plate III. fig. 3, to be a beam resting on the 
two props F F', and having two weights, equal or unequal, sus- 
pended from the two points D, E ; then, firom the preceding 
formula, it appears that the strain at D, arising from the weight 
at D, is 

and the strain at E, arising from the weight at £, is 

Now, in order to find the strain at any point C, we have only to 
make the following proportions, viz. : 

ID D I' ID CI' 
D r : r : : ^J, — ^W : — j—; W = the strain at 0, as arisbg 

from tliatatD; and again, 

BI : CI I'.^^^YY^^ ' ^'Vr^ ^ W' = the strain at C, as arising 
from that at E. 

Consequently, the whole strain at C, arising from both weights, 
will be expressed by 

. I D . c r . w -f r B . c I . w' 
/= Tj 

23. From this general formula may readily be deduced that for 
any particular case : fer example, 
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Ist. Suppose the beams uniformly loaded throughout, and the 
stress at any point C required. 

In this case, D and E will be the centres of gravity of the two 
parts I C and C V ; consequently, 

whence the expression becomes 

(UP. rc.w) -H arc. 10. WO 

- I c . r c . (w + w^) 
^ 2 1 r 

Where (W + W^ and I Y being constant, it follows that / varies 
as the rectangle I C . I^ C ; that is, in this case, the strain at any 
point C varies as the rectangle of the two parts into which the 
beam is divided by that point. 

2ndly. Suppose, as another example, that the weights W, W, 
are equal to each other, and that C is the centre of the beam ; 
then, since 

I' « I = J 1 1', and W = W, 

the general expression becomes, in this particular case, 

^ (I D + r E) . rc.w I D + r B «, 
f^ ir 2 — "" ^• 

And if we further suppose I D=r E, then it becomes simply 

/ = I D . W. 

Now, if both weights acted at the centre, it appears, from the 
preceding investigation, that 

/ « J I r . (2 w) = 1 1 r . w = 1 . w. 

Whence the strain in the two cases will be to each other as I D to 
I C ; and hence the following practical deduction, viz. 

24. When a beam is loaded with a weight, and that weight is 
appended to an inflexible bar or bearing, as D E, fig. 4, Plate III., 
the strain upon the beam will vary as the distance I D, or as the 
difierence between the length of the beam and the length of the 
bearing ; for the bearing D E being inflexible, the strains will be 
exerted in the points D and E, exactly in the same manner as if 
the bearing was removed, and half the weight hung on at each of 
these points. Thi^ remark may be worth the consideration of 
practical men in various architectural constructions. 

26. In the same manner as in Art. 23, it may be shown, that if 
a beam be loaded with many weights, W, W', W^ W', &c., as in 
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fig. 6, Plate III., all equal to each other, and every two of which 
are equally distant from the centre, the strain excited on the 
middle point C will be expressed by 

/«(ID + ID' + liy' + Ac.) . W. 

Hence, if the length of the beam be I, and the number of equal 
weights m, and the sum of all the weights W, then the above 
becomes 

/=(o+ — + - + — +&C ) X — ; or, 

\ m tn m m / im 

I W 
/ «» — 7 X (1 + 2 + 8 + 4, &o. 1 wi) ; or, 
m 

- IW ( jm + D im i Z W m« + jlWm ,,_ . ZW 

' m* 2 2 m' 4 wi 

Hence, when the weight is uniformly distributed through the 
whole length, the number of points of suspension, m, becoming 

infinite, the last term of the preceding expression, — vanishes ; 
and there results / = i ' W, 

for the strain on the centre of a beam, when the weight W is 
uniformly distributed throughout its length ; which is half what it 
would be if it were all suspended from its middle point. 

26. At present the weight has been supposed to act in a 
direction perpendicular to the fibres ; that is, the different deflec- 
tions to which the beam may be exposed in consequence of the 
different positions of the weight have not been taken into con- 
sideration ; and it has been before explained, that it is not 
necessary to introduce the latter datum while we are merely 
contemplating the comparative strengths and strains of beams for 
architectui-al and mechanical constructions, in which the deflections 
are always inconsiderable, but that they are essentially necessary 
in the comparison of experiments on the ultimate strength ; and, 
therefore, when we treat of those comparisons, it may be necessary 
to modify some of the preceding results. I shall not, however, 
pursue the subject further in this place, except so far as relates to 
the strain on beams when the direction of the fibres and the 
exciting forces are placed obliquely to each other. 

27. When a beam A C F I, or A' O F' T, fig. 6, Plate IIL, is 
placed obliquely in a wall, whether it be descending, as in the 
former, or ascending, as in the latter, the strain excited by the equal 
weights W, W, on the equal arms, I C, T C, will be the sa^ie, 
being in both cases expressed by 

/=ZWoo«I, 
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where I is the length, W the weight, and I the angle of incli- 
nation. 

For, let I W, in both cases, be taken to represent the perpen- 
dicular force of the weight W, and let this be resolved into two 
other forces ; the one, I K, perpendicular to the lever C I, and the 
other, K W, parallel to it j then it is obvious that K I will repre- 
sent the only effective force to turn the lever about the point C ; 
that is, the exciting force will be to the weight W as K I : I W, 
or as radius : cosine of K I W ; but the angle K I W=C I L=the 
angle of inclination = I ; therefore, 

1 :cobI::W:WoobI«IE, 

which, combined with the lever C I=i, gives for the strain at C, 

/ = i W 008 I.* 

Therefore, while we omit the consideration of the quantity of 
deflection, the strain on the two beams (their lengths, weights, 
and inclinations being the same) will be exactly equal to each 
other : and this is true, as has been before observed, while we are 
merely considering the application of timber to architectural 
purposes, but fails entirely in determining the ultimate strengths. 

For the deflection of the beam Y (J brings it nearer and nearer 
to a horizontal position, where the eflFect of the weight is the 
greatest ; while the deflection of the descending beam I C brings 
it more and more towards a vertical, where the effect of the weight 
is the least. 

Conformably to this, I have always found, of three equal and 
similar beams, of which the one inclined upwards at a certain 
angle, another downwards at the same angle, and the third 
horizontal, that which had its inclination upwards was the 
weakest ; the one which declined, the strongest ; and the strength 
of the horizontal one, about a mean between both."f" — (See " Experi- 

* It has been assumed by some writers on this subject, and stran^lj adopted by 
others, that not only is the exciting force diminished in the ratio of rad to cos, but also 
that the power of resistance is increased in the ratio, yis., of cos to rad, because they say 
the area of fraetare C A is increased in the latter proportion ; whence they conclude, 
that the weight necessary to break a beam in an inclined position is to the weight when it 
IS horizontal, as rad' : cos'. 

Nothing, however, can be more obvioasly false than to suppose the power of resistance 
to be increased ; for if the force or weight W, or W, fig, 6, which is denoted by I W, be 
resolved into the two, IE, K W, it is evident that the force I K will have the same effect 
upon this beam (and no other), as if the beam were placed horizontally, and loaded with 
a vertical weighty which should betoWasIKtoIW. 

There might be some plausibility for the above hypothesis in crystaHized bodies, but it 
will certainly not apply to fibrous ones, the ^number of fibres on which the resistance 
depends being still the same. 

t In speaking of similar beams, it must be understood that each beam projects the 
same distance from the wall, that is, the leverage must be the same in all cases. 
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ments," Art. 92.) It is obvious, indeed, that the ultimate strength 
of a beam does not depend upon its original position, but upon 
that which it has attained immediately before the fracture takes 
place. 

It may be proper to observe, that in the preceding expression, 
/=i W COS I, that force only is included which has a tendency to 
turn the beam about the point C : there is, however, also another 
exciting force, but which does not act at any mechanical advantage, 
that is, the force represented by K W, which in the declining posi- 
tion of the beam A F C I acts by tension, and in the ascending 
position of A' F' C T by pressure : the entire expression, therefore, 
for the exciting force, is 

/ = Z W cos I + ib W Bin I, 

the value of k depending upon the proportion between the areas 
of compression and of tension. 

But in most practical cases this latter force is very inconsider- 
able ; first, because it does not act at any mechanical advantage 
through the intervention of the lever ; and, secondly, because it 
acts equally upon the compressed and extended fibres ; and, con- 
sequently, while it increases the one of these forces, it diminishes 
the other, and, therefore, in a cei-tain degree, neutralizes its effect 
on both, on which account it may in most cases be omitted : and 
we must necessarily omit it in this place, because its real effect 
depends upon the proportionality between the area of compression 
and that of tension, the determination of which will form the 
subject of experiment in a following sectioa It will, therefore, in 
this place, be suflScient to observe, that in the cases where the 
beam is vertical, and consequently cos 1=0, and sin 1=1, the 
former part of the expression disappears, and we have simply 
F=:W; where, in the declining position, W must be equal to the 
force of direct cohesion in the area of fracture, and in the ascending 
position it will represent the weight necessary to crush the beam 
with a vertical pressure. 

28. At present we have only considered the strain a beam is 
exposed to by being charged at any point with a given weight, 
without making any reference to the resistence to which it is 
opposed. Now, this resistance obviously depends upon the figure 
and area of the section of the beam at the breaking point, and 
experiments make this resistance vary in rectangular beams as the 
breadth and square of the depth. That the strength or resistance 
is as the breadth, is obvious ; because, whatever resistance any 
given beam offere to fracture, two, three, or more such beams will 
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offer two, three, or more times that resistance : and this is in fact 
the same as a beam of two, three, &c., times the breadth. And 
with reg^d to the depth, the resistance will be, in the first place, 
as the number of fibres ; that is, as the depth : and, secondly, it 
varies as the length of the lever by which those fibres act ; that 
is, as the distance of the several fibres from the centre about which 
the beam turns, wherever that point may be, which is also 
obviously as the depth ; and hence, by combining the two causes, 
it will vary as the square of the depth when the breadth is the 
same : and therefore, generally, the resistance opposed to firacture 
by rectangular beams is as the product of the breadth and square of 
the depth. 

If we represent the breadth of a beam of any given wood by a, 
its depth by d, its length by I, all in inches, its angle of deflection 
by A, and the weight necessary to break it in lbs, by W ; also, the 
resistance of a rod an inch square by S : then a <P S will be the 
resistance of the beam whose breadth is a and depth d. Now, in 
the instant before breaking, there miist be an eqiiilibrium between 
the strain and the resistance ; and hence we obtain the following 
equations, viz. 

1. When the beam is fijxed at one end, and loaded at the 
other, 

««T MM ZWcobA « 

( W cos A = a o' S, or -^ — = S, a conttant quantttif, 

2. When the beam is supported at each end, and loaded in the 
middUs 

1 « «T • ^ et 2 W sec' A « 

WWmc^A =a<?S, or — ■: — -, — = S, coiutant. 

3. When the beam is fixed at each end, and loaded in the 
middle, 

I W sec^ A 
J Z W sec* A =* a cP S, or — - — — — = S, con^ant, 

4. When the beam, fixced as in either of the last two cases is 
loaded at any other point than the centre, 

We shall have in the former case, by denoting the two unequal 
lengths by m and n, 

m»W -^ -,« wnW sec* A « 

and in the second, 

^— — r— ' sec' A « a (P S, or — as S. 

still the same constant quantity. 
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The first formula will also apply to a beam fixed at any given 
angle of inclination ; observing only, that the angle A, in this 
case, will represent the angle of the beam's inclination, increased or 
diminished by the angle of its deflection, according as its first 
position is ascending or descending ; or rather, it will denote the 
angle of the beam's inclination at the moment of fracture. 

In all these cases, as has been before stated, when it is only 
intended to apply the results to the common application of timber 
to architectural and other purposes, the angle of deflection may be 
omitted, and the equations then become simply, 

, 'W _ iW 

2 Win W 

But in the comparison of the ultimate strength, under diflferent 
circumstances, the angle of deflection must be retained ; and it 
remains to show how far the introduction of this datum will explain 
what has hitherto been considered as paradoxical in the best con- 
ducted experiments. 

29. One of the most remarkable discrepancies between theory 
and experiment is that already explained (Art. 20) ; viz., that the 
strength of a beam fixed at the ends is to that of a like beam 
merely supported, in the ratio of 3 to 2. 

The next anomaly, or what has hitherto been considered as such, 
is that in which the strength has been observed to decrease in a 
higher ratio than that of the inverse of the lengths ; or, which is 
more correct, that the strain increases in a higher ratio than the 
direct ratio of the lengths. Now, it appears from the preceding 
formulae, that this is what ought to be the case ; for the strain 
being denoted by 

/ = i I W sec A' ; 

and as the ultimate deflection, m quantify, varies as. the square of 
the length (see Art. 51), the angle A will vary as the length ; and 
consequently, if the length* of one beam be supposed I, and the 
other any number of times the same length, as m I, then the strain 
in the two cases will be as 

and therefore, where the resistance to be overcome is the same, W 
wiU be to W as sec' A : m sec' m A, instead of being in the 
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simple ratio of 1 : m, as stated by most writers on this subject. 
This defalcation of strength was observed by Buffon in his experi- 
ments^ and has been considered as an inexplicable paradox. Some 
of the reasons assigned by Dr. Kobison may probably have their 
effect ; but it is singular that the above explanation escaped so 
keen a mathematician : it may not, perhaps, account for the whole 
discrepance observed in the results, but it will certainly tend con- 
siderably towards reconciling them with each other. The case in 
which a beam is fixed at one end and loaded at the other presents 
a deviation from the commonly established ratio of an opposite 
kind ; for it has been seen (Art. 28) that the strain in this case is 
I W cos A ; and since the angle A varies as the length, the strain 
upon a beam of m times the length will be m 2 W cos m A ; and 
hence, when the resistances are the same, we shall have 

W : W : : m COB m A : COS A, 

instead of the simple ratio of m : 1 ; and, consequently, the 
strength will not decrease so rapidly as in the inverse ratio of the 
lengths. 

The only experiments that I am aware of, bearing on this point> 
are those of M. Parent, the results of which are published in the 
" Academy of Sciences " for 1707 and 1708, from which the author 
concludes that the weights necessary to break a beam fixed at one 
end and loaded at the other, and that of a beam of double the 
length supported at each end and loaded in the middle, and 
another equal to the latter, but fixed at each end, were as the 
Nos. 4, 6, and 10, and the preceding deductions (Art. 28) give the 
values of these weights 

/ 4/ 6f 



2 008 A 2 ; boo^ A ' 2 ; sec^ A ' 

observing, that 2 I, in the two latter expressions, is substituted 
for I in the formulae referred to, because the beams are of double 
length : these ratios are the same as 

11 ■» 

8. -"> 6. — TT" > and 9. 



COS A Bco' A sec' A 

which, if the angle be considerable, will approximate towards the 
above numbers ; but in the references I have seen to these experi- 
ments, neither the dimensions of the beams nor the amount of 
their deflection are stated. 
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Of the Mechanical Action of the Fibres to resist Fracture. 

30. This is a subject which has engaged the attention of several 
very able mathematicians, whose results have diflfered very con- 
siderably from each other ; and although the subject is now 
properly understood, and all writers adopt the same general view 
of the theory, yet it will not be uninteresting to take a rapid 
sketch of the doctrines which have been advanced in support of 
different hypotheses, by the writers, alluded to. 

31. Galileo, to whom the physical sciences are so much indebted, 
was the first who connected this subject with geometry, and endea- 
voured to compute the strength of different beams upon pure 
mathematical principles, by tracing the proportional strengths 
which different bodies possessed, as depending upon their length, 
breadth, depth, form, and position. 

It appears that this philosopher was led to these investigations 
in consequence of a visit which he made to the arsenal and dock- 
yards of Venice, and that they were first published in his " Dia- 
logues " in 1633. He considered solid bodies as being made up of 
numerous small fibres applied parallel to each other ; and sought, 
or assumed, at first, the force with which they resisted the action 
of a power to separate them when applied parallel to their length ; 
and thence readily deduced, that their resistance in this direction 
was directly as the area of the transverse perpendicular section ; 
that is, as the number of fibres of which the body is composed. 

He next considered in what manner the same fibres would 
oppose a force applied perpendicularly to their length, and ulti- 
mately came to the following conclusion : '' that when a beam is 
fixed solidly in a horizontal position in a wall, or other immoveable 
mass, the resistance of the integrant fibres is proportional to their 
sum, multiplied into the distance of the centre of gravity of the 
area of fracture from the lowest point." 

32. In order to illustrate this theory a little more explicitly, let 
R S T V, fig. 1, Plate II., represent a solid wall, or other immove- 
able mass, into which the beam C Q is inserted, and let W be a 
weight suspended from its other extremity: then supposing the 
beam to be insuperably strong in every part except in the vertical 
section A B C D, the fracture must necessarily take place in that 
section only ; and, a/icording to the hypothesis of this a/iithor, it 
will turn about the line C D, whereby the fracture will commence 
in the line A B, and terminate in the former, C D., Galileo also 
further supposes that the fibres forming the several horizontal 
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plates, or laminae, from CD to A B, act with equal force in resist- 
ing the fracture, and therefore diflfer in their energy only as they 
act at a greater or less distance from the supposed quiescent line, 
or centre of motion, C D. 

Now, from the known property of the lever, it is obvious that 
the equal forces acting at *the several distances ol, o2, o3, o4*, &c. 
of the lever o e, will oppose resistances proportional to their re- 
spective distances; and therefore that their sum, that is, the 
constant force of each particle into its respective distance, is the 
force which must be overcome by the weight Wj acting as on a 
lever, at the distance oK. 

83. This will perhaps be better understood from the illustration 
given by M. Girard, in his " Traite Anaiytiqiie de la Rfyistance dee 
Solides," which is as follows: 

Let A C I F, fig. 7, Plate II., represent a longitudinal section of the 
beam C G, and v/, v/\ v/'\ &c. so many small equal weights passing 
over pins or pulleys, at r^, r", r'", r"'', &c., acting at the several 
distances, Omf, Om!\ Gm"\ &c., each weight being supposed equal 
to the cohesion of its respective lamina ; then, denoting each of 
these weights by the constant quantity /, the sum of all their 
energies, or resistances, will be expressed by the formula 

Cf»'./+ Cot" ./+ Cm'"./+ Ci»""./+ &o. « 
/ X (0 m' + C !»• + Cm'" + w"^ + &c.) 

This, however, supposes the section to be rectangular, or that the 
number of fibres in each horizontal lamina is the same. When 
the beam is triangular, cylindrical, or has any other than a rect- 
angular section, the several small weights must be made propor- 
tional to the breadth of the section at the point where each is 
supposed to act : the illustration, however, is equally obvious. 

Since, then, the whole resistance to fracture is made up of the 
sum of the resistance of every particle or fibre, acting at diflFerent 
distances on the lever C A, which is supposed to turn upon C as a 
fulcrum, there must necessarily be some point in that lever, in 
which, if all the several forces were united, their resistance to the 
weight W would be exactly the same as in the actual operation ; 
omd this point is the centre of gravity of the section represented 
by AC. 

For let A C B, fig, 10, represent the section of any formed beam 
whatever, F H, any variable absciss, = x, and D E, the corres- 
ponding double ordinate = y ; then, by what is stated above, the 
eneigy or force of all the particles in the line D E will be as I) E . 
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H F, or as a; y; and consequently the differential of that force 
will be y X dx, and the sum of all these forces will, therefore, be 
denoted hjj' y x d x. Now the area of the section may be 
expressed hj / y d x; and, assuming G as the centre of energy, 
sought, we shall have 

F Q ,/ydx = fyxdx. 

Whence F G = '^-^ — - — , 

J y dx 

which is the well-known expression for the centre of gravity. 

84. From these considerations, or at least from others tanta^ 
mount to them, Galileo deduces his general theorem for the resis* 
tances of solids ; which, from what is above stated, is obviously as 
follows: viz. 

When a beam is solidly fixed with one end in a wall, or other 
immoveable mass, the weight necessary to produce the fracture, is 
to the force of direct cohesion of all its fibres, as the distafice of 
the centre of gravity of the section of fracture, from the lowest 
point of that section, to the length of the beam, or the distance at 
which the weight acts from the same point 

From other investigations, which it is unnecessary to exhibit in 
this place, the author endeavours to show, that whatever weight is 
sufficient to break a beam, fixed as above, double that weight will 
be necessary to break a beam of equal breadth and depth, and of 
twice the length, when supported at each end on two props ; and 
four times the same weight, when the latter is fixed with each end 
solidly in a wall, &&, &c. 

36. Nothing can be desired more simple than the results 
obtained by this theoiy ; but, unfortunately, it is founded on 
hypotheses which have nothing equivalent to them in nature. In 
the first place, it assumes the beam to be inflexible, and insuper- 
ably strong, except at the section of fracture : secondly, that the 
fibres are inextensible and incompressible : and, thirdly, that the 
beam turns about its lowest point when fixed at one end, or its 
upper when supported at both, and therefore, that every fibre in 
the section is exerting its force in resisting extension : and, lastly, 
if this be not implied in the former objection, that every fibre acts 
with equal energy, whatever may be the tension to which it is 
exposed. 

With regard to the first of these suppositions, it is obvious that 
no beam of timber, or any other body with which we are acquainted, 
is perfectly inflexible ; nor any (and more particularly timber) 
whose fibres are not both extensible and compressible ; and con- 
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sequently, a beam of such matter will not turn about its lowest 
poiut, as a fulcrum : and, lastly, the supposition of every fibre 
exerting a constant resistance is now known to be decidedly 
erroneous. 

The theory of Galileo having these radical defects, it necessarily 
happened, as soon as it was attempted to compare its results with 
experiments, (which the author himself had never done,) that it 
was found defective. The first person, we believe, who did this, was 
Mariotte, a member of the French Academy, who, having soon 
discovered its inaccuracy, proposed to substitute another theory in 
its place, which was published in 1680, in his " Traite du Mouve-- 
raent dee Eaux /' and here we find the first notice of extensible 
and compressible parts of the section of fracture, the neutral axis, 
&c. This attracted the attention of Leibnitz, who, after examining 
the theory of Galileo and the experiments of Mariotte, published 
his own thoughts on the subject in a Memoir which appeared in 
the " Leipsic Acts," in 1684. 

36, This subject was afterwards taken up by James Bemouilli, 
but he unfortunately contented himself with showing the inadequacy 
of the theory he had been examining, but without substituting any 
new one in its place. 

37, The next important step in this inquiry was made by Dr. 
Kobison under the article " Strength " in the " Encyclopaedia 
Britannica," and here for the first time the position of the neutral 
axis, or that line in a beam which suffers neither extension nor 
compression, is introduced as a necessary datum. The position of 
this line was not, however, determined by Dr. Robison, nor had it 
been attempted to be found, to the best of my knowledge, when I 
made the experiments on which I founded my "Essay on the 
Strength of Timber." In these I found its position in two or three 
different kinds of wood experimentally, and thereon endeavoured 
to determuie the law of action of the. fibres at different distances 
from the neutral axis. 

38, It has been before remarked, that when a beam is submitted 
to a transverse strain, being either supported at its two extremities 
and loaded in the middle, or fixed at one end in a wall and loaded 
at the other, it will not, as was formerly assumed by Galileo, and 
Leibnitz, tmn about its upper or lower surface, but about a line 
within the area of fracture ; which line is what is denominated 
the neutral line, or neutral aoda of rotation. 

If the fibres of a beam (referring, for instance, to fig. 1, Plate 
II) were wholly incompressible, there is no doubt that the beam, 
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when loaded at the end I, would turn about the line C D ; and 
every fibre of it, from C to A, would be in a state of tension. 

And, on the contrary, if the fibres were wholly inextensible, 
then, if the beam turned at all, it must be about the line A B, 
and every fibre from A to C would be in a state of compression. 

But we know of no bodies in nature that are either inexten- 
sible or incompressible ; and, therefore, the rotation of the beam 
will neither take place about A nor C, but on an intermediate 
point or line, n ; and all the fibres above that line will be in a 
state of tension, and those below it in a state of compression ; 
while those which are situated so as exactly to coincide with 
its plane, will be neither extended nor compressed, but be in a 
state perfectly neutral with regard to both. 

39, It is obvious, that the fibres submitted to tension are more 
and more extended as they are situated further from the point 
71, and at A their extension is the greatest. The same has also 
p]ace with the fibres submitted to compression, this being greatest 
at C ; and, whatever may be the law of the forces necessary for 
producing these several degrees of tension and compression, or 
whatever may be the law of the resistances which they oflfer after 
they are produced, we may conceive some point situated between 
A and n, into which, if all the resistances to tension were united, 
and some point between n and C, into which, if all the resistances 
to compression were condensed, the reaction arising from these 
two aggregate forces would be the same as in the actual opera- 
tion ; and these points are what are designated the centres of 
tension and compression. 

40. With regard to the situation of the neutral axis, we have 
nothing to guide us in the determination but experiments; and 
these seem to indicate, that in rectangular fir beams it is at 
about fths of the depth of the section of fracture when the beam 
is broken on two supports ; or, at fths of the same when it is 
broken by having one end fixed in a wall, and loaded at the other ; 
— that is,, in both cases the number of fibres exposed to compres- 
sion are to those submitted to tension in about the ratio of 5 to 3. 

This was pointed out very unequivocally in several of the experi- 
ments stated in the following pages ; the beams in most cases show- 
ing very distinctly, after the fracture, what part of the section had 
been compressed, and what had experienced tension ; the compressed 
fibres always breaking very short, having been first crippled by the 
pressure to which they had been exposed, while the lower part was 
drawn out in long fibres, frequently 5 or 6 inches in length. 
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Another criterion was found in the external appearance of the 
side of the beam exposed to pressure before the fracture took 
place : this always exhibited itself in a wedge-like form, the lower 
point of which, when the beam was broken on two props, was 
commonly found to divide the depth in about the ratio above 
stated. 

It should be observed, however, that Mr. Hodgkinson, in the 
experiments he has described in the article above referred to, finds 
the ratio to be nearly 4 to 4, instead of 3 to 5 ; and unquestionably 
there must be considerable irregularities in the position of this 
line in different specimens of timber, even of the same kind, and 
much more in woods of different kinds. Without, therefore, 
attempting to determine this point, we may at all events assume, 
from what has been above stated, that there is necessarily such a 
point in the area of fracture in all beams ; and this is sufficient for 
our present purpose, as it is intended in the first instance to speak 
here only of rectangular beams. 

41. Referring to fig. 2, Plate II., let n denote the neutral axis of 
the rectangular beam ACIF,bAn representing the part suffering 
extension, and nCd that submitted to compression. Let also t 
denote the amount of tension of the extreme fibre b A, and c the 
compression of the extreme fibre d. Then, assuming that the 
resistance to tension of a fibre is proportional to the quantity of 
tension, or to its distance from the neutral axis, if we call the 
whole depth of extension An = d\ and denote any variable dis- 

tance from n by a?, we have d^ :t : : xi — , the tension of a 

fibre of that part. Consequently, the sum of all the tensions will 
be expressed by 

and in the same way, assuming the same law of compression, the 
sum of all the compressions will be expressed by 



/ 



^^/*= i c d" (when » = O ; 



d'^ denoting the depth of compression ; which two forces are equal 
to each other ; for it is this equality which determines the motion 
to take place about the line n : therefore ^ t d'^s^ c d*\ or 
tdl^cd". 

42. It may be proper to observe, that o here is not intended to 
represent the force requisite to compress a fibre the same quantity 
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that the force t extends it, but simply the force of compression at 
C, corresponding to that of the tension at A. 
43. Now, to estimate the effect of these forces, it will be seen 

that the tension of anjr fibre at the variable distance x being -^ > 
and this acting at the distance x, the effect will be -j, and the 



sum of all the effects 



d' 



id'*t (when SB cO; 



and in the same way the sum of the compressing forces will be 

^esfidx 



/ 



« M"' « ('^lien « = d") ; 



d" 
and therefore the whole sum of both species of resistances will be 

and since d'' c^d! t, this sum becomes 

i (d" + d') dlti 

or, taking d" -^-d' ^ d, the whole depth, it becomes 

id at. 

That is, in rectangular beams the resistance is equal to the product 
of one-third of the whole depth into the depth of tension, and into 
the force of tension on the extreme fibre. 

If, therefore, we knew in all cases the depth of tension, or the 
relative depth of tension and compression, and the force of direct 
cohesion, we might compute the transverse strength of rectangulai* 
beams^ independently of any other data ; but these being both 
very precarious, the best method of determining the strength of 
beams of wood is by comparative experiments on other beams ; 
for, since the resistance is expressed hj ^ dd' t, and d^ is always 
proportional to c! in the same material, it follows that the whole 
resistance is as the square of the depth, as is stated Art. 28 ; and 
the resistance being also necessarily as the breadth, it follows that 
in all rectangular beams the resistance is as the breadth and 
square of the depth ; and we have seen that the strain is as the 
length into the weight : consequently, calling the breadth b, the 
depth d, the length I, and the breaking weight w, we ought to 

have -T--^ = S, a constant quantity for materials of the same kind, 

when fixed or supported in the same manner ; and when they are 
fixed or supported in different ways, the formulae investigated 

D 2 
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Art. 16 et seq. will enable us still to make the requisite re- 
ductions. 

The principal data, therefore, that a practical man requires for 
determining the requisite dimensions of beams, rafters, &a, are 
such as give this constant quantity S, for all variety of woods ; 
and such will be found in a subsequent part of this Treatise. 

On the Deflection of Beams, 

44, Hitherto we have considered a beam of timber as inflexible 
in every part except at its point of fracture, which served to 
simplify the investigations and the conception of the subject, 
without in any way affecting the accuracy of the result, the strain 
at the point of fracture being the same in both cases ; but it is 
frequently very important to know the amount of deflection a 
given weight will produce, and the law of action which is arrived 
at in these cases. 

46, In oi-der to investigate this, let ABC D, fig. 5, Plate II., 
represent a beam fixed into a solid wall, and in its natural hori- 
zontal position, its weight being supposed nothing, or inconsider- 
able with regard to that with which it is loaded : and let us 
suppose it to be made up of the several parts ABa,6, aha'V, 
a' V a'^ U\ &c., each of which is considered to be subject to com- 
pression and extension : then, when the beam is loaded with a 
weight W, it will be brought into the curvilinear form shown in 
the second position in the figure. Draw the several tangents Am, 
an, a' o\ a!' p, &c. ; and admitting that the quantity of extension 
and compression is proportional to the extending and compressing 
forces, we shall have the several angles 7aAnynao,oa'p,p a!' D, 
proportional to the distances C F, C/, C/', C/'', &c., these being 
the effective lengths of the levers, by means of which the force or 
weight W is exerted at those several points : and the same will 
have place if we suppose the number of laminse to be indefinitely 
great, and therefore the thickness of each indefinitely small : and 
hence we see the fundamental property of the curve which a beam 
thus fixed and loaded will assume ; viz., '' that the curvature at 
every point is as the distance of that point from the line of direc- 
tition of the weight," which is, in fact, the elastic curve, first pro- 
posed by Galileo, but the correct investigation of which we owe to 
James Bemouilli, who published it in the " Memoii's of the Aca- 
demy of Sciences " for 1703. Other investigations of it have since 
been given by John Bemouilli, " Opera Omnia," tom. iv. p. 242 ; 
as also in his Essay on the " Theory and Manoeuvres of Ships ; *' 
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and particularly by Euler, in the Appendix to his celebrated work, 
" Methodus inveniendi Lineas Ourvas," 

46, It is to be observed, however, that the supposition of the 
extension and compression being exactly proportional to the 
exciting forces, is only a particular and very limited case of the 
elastic curve ; for if that extension were as any function of those 
forces, it would still not wholly change, although it would modify, 
the fundamental property of it : but its investigation under this 
general character would carry us far beyond our present pui"pose, 
and, at the same time, would be of no use in our future investiga- 
tion ; for it appears from experiment, that the quantity of exten- 
sion, in consequence of the imperfect elasticity of the fibres, is 
very irregular, and that after a certain deflection has been ob- 
tained, it seems subject to no determinate law ; a circumstance 
which we have endeavoured to illustrate in a subsequent article : 
but during the early part of the experiment, that is, while the 
weight is considerably less than that which is required to produce 
the ultimate fracttire, the law of the deflections is nearly uniform, 
and proportional to the exciting force ; it will, therefore, be suffi- 
cient to consider the elastic curve under this particular case, being 
the only one that is applicable to the present inquiry. 

47. Let, then, A B, fig. 9, Plate III., represent a thin elastic 
lamina, without weight, and in its first natural horizontal position ; 
A C, the position of it after being loaded with any given weight 
W : at any point in the curve R, draw the tangent R T, and 
conceive the curve to be divided into an indefinite number of 
equal small parts, A a, Rr; and since, by the hypothesis, the 
extension of each fibre is proportional to the force by which it is 
excited, if r « and 6 a be drawn perpendicular to the curve at a 
and r, the former may be taken to denote the extension of the 
particle A a, and the latter that of the particle R r ; and we shall 
have rsiab:: force in R : force in A, or : : C L x W : C G x W. Let 
A F and R X be the radii of curvature at the points A and R, then 
the triangles Aab and A a F, as also R « r and R r X, are similar ; 
and therefore, since A a = R r, we have 

r« : Rr : :Er : BX 
a&:Aa::Aa:AF; 
therefore r«:a5::AF:RZ; 
bot r « : a 6 : : C L : C a, 
and eonieqaeutly, C L : G G : : A F : B X ; 

whence again, 

CL.RX = CQ.AF, a constant quantity =. A. 
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r 

In order now to trace the property of the curve, let C L = x, 
R L = y, and R C = ; then, as is shown by writers on the diffe- 
rential calculus, the radius of curvature 

and consequently 

xdi? _ A ^Jda? ■*• rf y^ I . 
— dajd'y"" ' — d x , d} y 

In its present form this equation is not integrable, but we may 
accommodate it to our puipose, without any sensible error, while 
the deflections are small, by supposing dx=^dz, in which case it 
becomes 

xds^ ... d^y 

Or assuming dxss constant, and taking the integral 

^~ A. dv 
i a? + « -— ; — y being the oorrectloiu 
a X 

Now, when aj = ?, JP + C = 0, j^ being in that case = 0, there- 
fore the correct integral is 

* dx 

Multiplying now by d x, we have 

4d« (a? -P) = — Ady, 

and taking the integral 

i «««- Ja:» = Ay, 

which requires no correction. 

By means of this equation, the curve may be constructed while 
the deflections are small with regard to the length of the laminse ; 
but it will obviously apply to no other case, because it is obtained 
on a supposition o{ dx being equal to dz, which is in no case 
strictly true ; although the difference, while the deflections are 
small, is inconsiderable, and may be admitted without any sensible 
error. 

Writing I for x and 6 for y, the above becomes 

or, since in the case here supposed C G = Z, very nearly, this equa- 
tion may be still further reduced to 

— aa A F' 
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and hence it follows, that while A F remains constant, or the 
curvature at A is the same, that is, while the strain upon the 
beam at that point is constant, the deflection b must vary as the 
square of the length. 

But the strain (the weight remaining the same) is as Z ; or A F 
is reciprocally as I ; and therefore, while the weight is the same, 

P 

--r = Z . A P = constant quantity ; 

o O 

consequently, while the weight remains the same, the deflection 6 
is as the cube of the length : but we have seen that, coeteria 
paribus, the deflection is as the weight ; therefore, generally^ 

wz* 

■ - . = B, a constant quantity ; 
o o 

that is, the deflection is as the weight into the cube of the length. 

48, This deduction being contrary to the experimental results 
of M. Girard, ought to be examined with caution : we propose, 
therefore, investigating the nature of the curve on diflferent prin- 
ciples, and on such as will probably be more intelligible to many 
readers. 

It has been shown above, that an approximation to the actual 
state of the curve is all that can be obtained ; and this approxima- 
tion may be obtained perhaps more satisfactorily as follows. 

Let ABCD, figs. 6, 6, Plate IL, represent the deflected beam, 
and let it be divided as above supposed (Art 48) into any number 
of equal inflexible parts, AB ab, ab a^V, &c., and let a d, a' d\ 
a^ d!\ &c., drawn perpendicular to the respective tangents at A, a, 
a', &c., represent the deflections at those points, which, from what 
has been above shown, will be proportional to C F, C/, C/', &c. ; 
and as the investigation is only intended to apply to small deflec- 
tions, let us consider these several lines, a d, a! d\ &a, instead of 
being perpendicular each to its respective tangent, to be all 
parallel to each other, aind perpendicular to A tti ; let us also 
denote the first of these ad by c{, which may be denominated the 
element of deflection, and let the number of parts or laminsa into 
which the beam is divided be denoted by m, then we shall have 



d » ad 
m 



m : M — 1 : : d 
m : fli — 2 : : d 
m : m — Z : : d 



« - 1 

d = a" d" 



d = o'er 
m - 2 



m 
m — 8 



m 
&c. &e. &e. 



d = €^ d"', 
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Also, according to our supposition, 

nmssm x ao= — d 

m 

n = (m - 1) a'd' = - ^"* " "'^ d 

m 

op = (to - 2) a" rf" - ^*^ "" ^^' d, 

IFI 
&0. &0. &C. 

Whence the whole deflection m D will be expressed by the series 

m D = — I m« + (m - 1)« + (ill - 2)* + &c. 1* } •' • • (1)» 

or by the summation of the series, 

_ d { m^ m' m ) 

"*^= » It -^T +t{'" 
"'"-'' It +T * Ti- 

That is, while the number of parts m are supposed finite, m D 

^ + -g- + -g- j d ; but when m is infinite, then the 

two latter terms vanish, as being inconsiderable with regard to 

the first ; and we have m D = -^^ . 

In the same manner, if r were the length of any other beam of 
which the number of parts were mf, but the parts individually in 
length equal to the former, and the element of deflection df, we 
should have 

; TV '^^ ^' 

whence 

m D : m' ly : : m^d : m'^d' ; but m : mf : : I : t ; 

therefore 

t^d 

m D yaries as — 5— ;• 

o 

that is, the deflection varies as the square of the length, and the 
element of deflection ; but the element d obviously varies as the 

* We liare nsed the al>OTe proceu for the conTenienoe of thone who may not be 
acquainted with the flaxioual or differential calculus : those who are will see immedi- 
ately that the summation, expressed in equation (1), is equal to *- times the integral of 

X* d X ; that is, 

d /\ . da* dm^ , 

— Iv dx — -r = — -— when dx ^ vi. 
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strain ; that is, as Z W : therefore, again, the deflection varies as 
-J— ; or, denoting the deflection m D by 6, we have -^ = E, a 

constant quantity, the same result as before. 

48. The same may be otherwise demonstrated as follows : 
In the above investigation it is shown that D m, which is sup- 
posed to represent the deflection, is expressed by the equation 



^--^ It +t +t{' 



and that in any other beam of which the number of parts are m', 
the deflection is also 






from which we conclude, that when m is infinite, the deflections 
are as 

dm^ I d'm'^; or as d^ \ di P\ 

where I and V denote the two lengths. If this should not appear 
to involve all that precision and accuracy that may be desired, it 
may be considered under a point of view somewhat difierent to 
the former, and wiU probably carry more conviction with it to 
some of our readers : 

Supposing, therefore, the equation 



m 



_ , ( m' m 1 ) 



to be established ; and calling I the length of the beam, and \ the 
length of each of the equal sides of the polygon, we shall have 

— = m ; and substituting this for m in the preceding equation> 

we obtain 



(3 A* 2A 6 )* 

^ (2? + Six + X« i 
~^ = ^ I 1^^ \ ' 



or 



and in the same manner, if the length of another beam is V, and 
Tnf ly denotes its deflection, we find 



,,„.,jiii±ii-»-}, 



A, or the length of each side of the polygon, being, by the supposi- 
tion, the same in both cases : we shall have, therefore, 

mD : «'D' : : d {2P + 8U+ \«) : d' {2 f + 3 /' A + \«)- 
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This result is wholly independent of any particular value of X, 
and therefore is true, when A. becomes indefinitely small ; that is, 
in the case of a continued curve. But here, as X is indefinitely 
small, the last two terms of each of the third and fourth members 
of the above ratio vanish, and that ratio then becomes simply 

that is, the deflection varies as the element of deflection into the 
square of the length ; or, as the element of deflection into the 
square of the length divided by 3, as we have found it in the 
article in question. 

60, In a similar manner we may investigate the law of deflec- 
tion when the weight, instead of being all applied at the extremity 
of the beam, is equally distributed throughout its whole length, or 
when it is divided into equal portions, and suspended at equal 
distances, as at the points a', a'\ a"\ &c., fig. 5, Plate IL 

For, calling 6!^ as before, the element of deflection = a c?, it is 
obvious that the successive deflections, instead of decreasing as 
before, in the simple ratio of the length, will now decrease as the 
square of the length, because both the weight and the length of 
lever decrease in the same manner. Our successive deflections 
therefore, in this case, will be 



m< 



m 



- <f ss ad 



Hi' : (m - 1)« : : <r : ^'^ ,^^* d' ^ a' d! 



TO" 



m« : (m - 2)« : : d' : ^"^ ,^^' d! ^^ a'' d'' 



m' 



m« : (w - 8)> : : <r : -^^^ j^ d' = a'" d'\ 



&o. &0. &c. 



Also, according to the same supposition as that above adopted, we 
shaU have 



m} 



n m = m . a c2 « — i d 

n o » (m - 1) a' d' « ^"* ^y^^ d' 

p = (w - 2) a'd" = . ^^ -^)' <r, 

III 

Am. &e. &e. 

Whence the whole deflection m D will now be expressed by the 
series 

m D - — I m» + (m - 1)» + {« - 2)» + &c. 1» | ; 
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or by smnmation, 

which expression is analogous to that in Article 48, and shows 
that in this case also, when m is infinite, that is, when the weight 
is uniformly distributed, the deflection is as the weight and cube 
of the length, or as the square of the length and element of deflec- 
tion, because the expression then becomes 



•»> 



m D = -;- <r. 
4 



But in order to compare the real quantity of deflection in this 
case with that of the former, it must be observed, that the weight 
being the same, the strain on the beam will, in the first instance, 
be double what it is in the second ; and the element d in the 
foi-mer will be double d' in the latter, or d' = J d. Substituting, 
therefore, i d for d', our expression 



«»' » , m' 



m D = "7* ^'» iconics ~^ ^ \ 



TO« 



whereas in the former case it is — d ; therefore the beams being 

of the same length, the deflection, when the weight is all collected 
at the extremity, is to that of the beam equally loaded throughout 
its length with the same weight, as 



m' - m* 



-T- d \— c2, or as 8 to 8. 
8 o 

The expression for the elasticity in this case will therefore be 
-g-^= E, the same constant quantity as before. 

The principles of investigation given in Art. 49, are equally 
applicable in this case. - 

61, In the preceding investigations the deflections have only 
been considered with reference to beams fixed at one end : let us 
now endeavour to investigate the same, on a supposition of their 
being supported at both ends. In order to which, it may be 
observed, in the first place, that whatever weight is just sufficient 
to break a beam fixed by one end in a waU, the same weight may 
be borne at the other end of it (the arms or levers being supposed 
of equal length), if the wall were removed, and the beam merely 
supported on a fulcrum, or prop, in its middle point, as in fig. 3, 
Plate XL, the tension in both cases being the same ; just as a line 
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passing over a pulley, and loaded at each end with an equal 
weighty has the same tension as a single fixed line loaded with 
only one of those weights ; and what is here stated of the ultimate 
degree of tension, is obviously true of any quantity of it : that is, 
whatever tension the fibres may have in the former case, they will 
have precisely the same in the latter. 

Again, the beam F 1 1' F', fig. 3, is similarly situated, at least as 
far as our present question is concerned, with regard to the strain 
upon it, and thei'efore to its deflections, as the equal beam F I F' I', 
fig. 4 ; whether we consider the latter to rest against a fulcrum at 
C, and to be strained by the two weights W, W passing over the 
pulleys Q, Q' ; or, as being supported on two fulcrums, F, F', and 
loaded in the middle with the weight P, equal to the two weights 
W, W. 

Hence, then, we conclude, that the deflection of a beam fixed at 
one end in a wall, and loaded at the other, is equal to that of a 
beam of twice the length, supported at both ends, and loaded in 
the middle with a double weight ; that is, the strain being the 
same in both cases : consequently, when the weights are the same, 
the deflection in the fii*st instance is to that in the second as 2 : 1. 

And when the length and weight are both the same, the deflec- 
tions will be to each other as 1 : 16. For the strain will be four 
times greater on the beam fixed at one end than on that supported 
at both ; and therefore, all other things being the same, the ele- 
ment of deflection will also be four times greater : also, the entire 
deflection is as the element of deflection into the squai-e of the 
length ; and, according to our supposition, the length is double ; 
whence, upon the whole, it appears that the deflection in the one 
case is to that in the other as 1 : 4 x 4, or as 1 to 16. 

The same formula will, therefore, apply in this case as in Art. 47; 

viz., -yj-ssE, a constant quantity ; observing only, that the value 

of £ is here sixteen times greater than in the former. 

62. When the weight is distributed throughout the length of 
the beam, instead of being all collected in the middle, it is a 
known mechanical principle, that the strain on the centre will be 
the same as it would be with half the entire weight collected in 
that point ; and consequently, the element of deflection in the 
same place will also be one-half of what it would be if the whole 
weight was collected there. 

But now, in order to compare the strain and consequent deflec* 
tion at any other point, D, fig. 9, Plate II., we must first observe. 
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that the resistance of the fulcrum at B is constant ; and therefore, 
that the strain at D, as arising from that resistance, will be found 

Ti H df 

as follows ; viz., C B : D B : d' : ^ ^ = the element of deflection 

at D, as arising from the resistance at B ; d^ denoting the deflec- 
tion at C. 

But the point D has a further strain to sustain, and consequently 
a further deflection, arising from the weight of the part between 
C and D. Now this weight will be to the whole weight W as C D 

to AB, or 2 CB; that is, 

CD . w 



20B : CD : : W : 



2Gfi 



Consequently, the deflection arising from this strain, as referred 
towards B, will be 

OB»:ODxBD::<f: ^^^~- d\ 

C JB* 

Whence the entire deflection from the tangent of the curve at 
the point D will be 

DB,, CD . DB ^, (C B + C D) D B , 
BO^ ■" "BC*""** ^ B^ ^• 

Which deflection, referred to the perpendicular B F, will be 

(C B + C D) D B' 
BC« 

If, now, we denote C B by we, and D B by n, in which case C D 
=:in --n, the above will become 

(2 m - n) V ? ., 2 m «' - n' „ 
c( =. rt. 

«i' to' 

And, by giving to n the successive values, 1, 2, 3, &a, as in our 
preceding investigations, and summing the resulting series, or by 
finding the value of 

when aj = m, we shall have for the entire deflection, 

B c = 1^ d'. 

12 



But it has been shown, that in the former case, where the weight 

is all collected in the middle, the deflection is —d ; and, therefore, 

since c2^s \ d, the deflections in the two cases will be as ^ : •^, or 
8 to 5. 
Now it has been seen, that when a beam or rod is fixed only at 
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one end, the deflection, when the weight is uniformly distributed, 
is to the same when that weight is collected at the extremity, as 
3 to 8 : whereas we have found above, that when the beam is 
supported at its ends, the deflections in the like cases are to each 
other as 5 to 8. 

Whence, if a long rod or plank is, in the first instance, sup- 
ported in the middle, and the ends be deflected; and, in the 
second, the ends are supported, and the middle left to descend, the 
deflection in the latter case is to that in the former as 5 to 3. 

Of the Deflection as dependvng on the Breadth and Depth. 

63, In the preceding investigations we have supposed the beams, 
although of different lengths, to be all of the same breadth and 
depth ; or, as opposing equal resistance : when these dimensions 
are not the same, the resistance is as the breadth and square of 
the depth. Art 43 ; and, therefore, when the weight is increased in 
that proportion, the quantity of extension will, by hypothesis, be 
the same, the length being here supposed constant ; but, by a 
reference to fig. 2, Plate II., it will appear, that the extension of 
the fibre b A being supposed constant, the angle 6 n A, or H A F, 
(which is equivalent to what we have denominated the element of 
deflection,) will be inversely as C A, the depth of the beam. 

/^ Hence with the same weight the deflection will be inversely as 
the breadth and square of the depth into the element of deflection, 
which is itself inversely as the depth. Hence, everything else 
being the same, the deflection will vary inversely as the breadth 
and cube of the depth ; but we have seen that when the breadth 
and depth are constant the deflections are as the weight and cube 
of the length ; therefore generally, if I denote the length of a beam, 
b its breadth, and d its depth, also W the weight with which it is 

loaded, the deflection will vary as ^ ' , ; and if, therefore, we 
denote the deflection by b, 

=— =r-r =3 B, a eonttant quantity. 

€lr O 

64. This is a conclusion which necessarily arises out of the above 
investigation, but being at variance with the experiments of M. 
Girard, which are very numerous, I was a little surprised at the 
result thus obtained, and re-examined my investigations, under an 
impression that some error had crept in, and escaped my observa- 
tion. At length, not being able to discover any, I referred to the 
experimental results, the greater part of which were in favour of 
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my own theoretical deductions: still, however, as these were 
different beams, and many of the deflections considerable, while 
the investigation was supposed to apply only to those cases in 
which it was very small^ I was still doubtful, and therefore pro- 
cured three pieces of fir, each 6 feet 6 inches in length, and 2 
inches in depth, by 1^ inch in breadth, and of very uniform 
texture : these pieces were rested on two props, as represented 
in Plate lY. ; first at the distance of 3 feet, and then at 6 feet 

If, therefore, the deflections varied as the square of the length, 
according to the results of Mr. Girard, the deflections ought to be, 
in the second case, four times what they were in the first ; but if 
the deflections were as the cubes of the lengths, as they should be 
according to my deduction, then the deflections wotdd be eight 
times as much. I accordingly made the experiments with great 
care ; and the following are the results that were obtained. 















No. 


1. 












Faet long. 


InoheedMpb 


BrMdth. 


Weight, 1U. 


Deflection 


8 


• • • 


• •• 


2 


• •• 


• • • 


U 


• •• 


• ■ • 


120 


• • ■ 


• •• 


•09 


8 


■ ■ • 


• •• 


2 


••• 


• •• 


11 


• •« 


»•■ 


180 


• ■• 


■ ■ a 


•12 


6 


• •• 


« •• 


2 


• •• 


• ■ ■ 


11 


■ • * 


• •• 


120 


• •• 


• •• 


'68 


6 


• •• 


■ «• 


2 


« ■• 


• •• 


H 


■ •• 


• • • 
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• •• 


• •• 
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66. It was impossible, after these experiments, any longer to 
doubt the correctness of the preceding investigations ; the deflec- 
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tion of the 6-feet beams answering so very nearly to the cube, or 
to eight times that of the same at 3 feet. With regard to the deflec- 
tion being inversely as the cube of the depth into the breadth, 
that is, inversely as b(P : Ifd, or as 6* : d*, in the above experi- 
ments, this also is confirmed as far as the comparison can be made, 
but the difference in these two dimensions is not so great as in 
the lengths, and therefore the results, perhaps, not so conclusive. 

M. Girard makes the deflections inversely as 6 cP : 6" d ; that is, 
in the above cases, Bsb : d, which by no means agrees with the 
above results : the discrepance will, however, be best seen by com- 
puting the deflections ; first of the long beam from that of the 
short one being given, and comparing them with those determined 
from experiment ; and then computing the deflections of the beams 
in the direction of their least depth, from those given for their 
greater. 
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Deflection 
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6 ... 
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6 ... 
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No. 1. 
No. 1. 
No. 2. 
No. 2. 
No. 8. 
No. 8. 



It only requires a comparison to be made between the last 
column and the other two, to decide which of the two formulae 
best agrees with the actual state of the beam's deflection. 

66. The above are obtained fr<7m a comparison of the lengths 
of the beams : let us now make a similar comparison, as depending 
upon their depth and breadth. 



Feet 

No. 1. 8 

8 
No. 1. 6 
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No. 2. S 
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No. 2. 6 

6 
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Here, again, the agreement between the last column and the 
preceding one is so near, in comparison with that computed accord- 
ing to M. Girard's principle, as to leave no doubt concerning the 
legitimacy of our formulae. 

Still, however, I was desirous of further proof, and therefore pro- 
cured three pieces of very clean fir, free from knots, 10 feet 6 in. long, 
3 inches deep, and 1| inch in thickness, and an ivory scale very 
accurately graduated into 40ths of an inch, which was now fixed 
to the batten, instead of the scale of lOths of inches hitherto 
employed; by which means the deflections could be accurately 
observed to within about iVth of an inch. 

One of the beams was laid on with the props 9 feet apart, and 
the weights gradually added till the deflection was 27 of the equal 
parts on the scale : I then unloaded it, and set the props 6 feet 
asunder, and applied again the same weights^ and the deflection 
was exactly eight divisions? 

Now, in case of the deflections being as the square of the lengthy 
we ought to have had 

0« : 6« : : 27 : 12 

for the deflection at 6 feet. But if the deflections were as the 
cubes, 

»» : 68 : : 27 : 8, 

precisely the same as it was found to be by the experiment. 

The props were then brought to the distance of 3 feet, and 
the same weights being used, the deflection was exactly -j^th of an 
inch, or one division : whereas it ought, according to M. Gii-ard, to 
have been -^^ths, or three divisions. 

The second batten was now laid on at 9 feet, and brought to a 
deflection of 40 J divisions ; the same weights brought it at 6 feet 
to 12^ divisions, and at 3 feet to 1^ ; whereas if the deflections had 
been as the squares, they ought to have been 18 and 4| re- 
spectively. 

67. The third beam was deflected to 54 divisions at 9 feet, and 
the same weights brought it to 16| at 6 feet, and to 2 divisions at 
3 feet, instead of 24 and 6, as required by the law which M. Girard 
had deduced from his experiments. 

I next tried each of the pieces again at the distance of 6 feet, 
laid in the contrary way, viz., with their least thickness vertical ; 
and placing on each the same weights as had been before employed, 
the deflections were, for 

No. 1 . . . .32 diviKionfl. 
No. 2 . . . 48 ditto. 

No. 8 . . , H ditto. 
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Which show that the deflections were also as the cubes of the 
depth into the breadth, and not as the square ; for had that law 
obtained, these deflections would have been 16, 24, and 32. 

58. After the preceding experiments were gone through, I 
made the following series on the same battens, and have computed, 
in every case, the value of the constant quantity, which we may 



call the elasticity, E, from the formula 



i^ W 



=E, the reduced 



mean of which is E = 5317610, whence we have 



P w 



= 6317610, 



from which any one of these five quantities may be found when 
the other four are given. 

59. Table of tWDifiectwM of Fir Battent. 



No. 1. — 8 inches deep, ] 4 ioc^ thick. Sp. gr. 584. 


1 


Deflections at 


2' W 
Computed Tslae of B s ir^% 


Mean values 
of K 


10 ft. 


8 ft. 


6 ft. 


10 ft 


8 ft 


6 ft 


70 
120 
135 
150 
165 
180 


0-65 
1-05 
1-18 
1-30 
1-44 
1-57 


081 
0-51 
0-57 
0-64 
0-71 
0-77 


16 
0-26 
0-29 
0-31 
0-35 
0-374 


4594960 
4876144 
4881184 
4922960 
4888888 
4893288 


4918816 
5189848 
5227256 
5195848 
5076736 
5094816 


4838512 
5104296 
5148144 
5333328 
5213624 
5308144 


5047599 


No. 2. — li inch deep, 3 inches thick. Sp. gr. 558. 


8ft. 


eft 


4 ft. 


8 ft 


6ft. 


4ft 




35 
50 
65 
80 


•625 
•825 
112 
1-86 


•275 
•400 
•525 
•625 


•075 
-112 
•150 
•180 


4893300 
5295800 
5071300 
5140100 


4691800 
4608000 
4564100 
4718600 


6097200 
4876200 
4723400 
4855600 


4877950 


No. 3. — 3 inches deep, 14 inch thick. Sp. gr. 640. 


70 
120 
185 
150 
165 
180 


10 ft. • 


8 ft. 


6 ft. 


10 ft 


Sft 


6 ft 




•501 

•875 

1-000 

1 125 

1-237 
1-350 


•275 
•467 
•526 
•687 
•640 
•700 


•114 
-195 
•220 
•242 
•266 
•287 


5961400 
5851400 
5760000 
5688900 
5691300 
5688900 


5560600 
5613400 
6617400 
5582300 
5619100 
5617400 


6658900 
5671400 
6656300 
5712400 
5751300 
6780100 


5693427 


No. 8. — viz. the same beam, 1^ inch by 8 inches. 




8ft. 


6 ft. 


4 ft. 


1 Sft 


6ft. 


4ft 


• 


85 

50 
65 
80 


•55 

•775 
1-02 
1-50 


'237 
•827 
-425 
•512 


•70 
1-00 
1-25 
1-50 


5560600 
5637500 
5632900 
5867000 


5444100 
5707100 
6708600 
6832000 


6461800 
5461300 
6679800 
6825400 


6651466 


Mean . . . . B «= 5317610. 
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60, As a further confirmation of the preceding deductions, the 
following, from M. Dupin's experiments, may be added, which I 
had not seen when the above was written. The pieces on which 
M. Dupin's experiments were made, were 2 metres in length; 
and of various lateral dimensions, viz., 1, 2, and 3, &c. centimetres, 
to a decimetre in the squareage ; they were perfoimed with care, 
and conducted with great ability. 

61, The following are some of the principal theorems which 
this author has drawn from his experiments and investigations, as 
connected with this part of our inquiry ; viz. 

1. The deflections of the same beam resting on props at each end, 
and loaded in the middle with small weights, are as those weights. 

2. When the same piece is rested on props at the same distance, 
and loaded at its middle point with different small weights, these 
weights are reciprocally proportional to the radius of curvature 
at that point; and the curvature itself is consequently propor- 
tional to the weights. 

3. The deflection is, cceteria 'paribus, inversely as the cube of 
the depth ; also the depth being the same, the deflection is in- 
versely as the breadth. 

4. The deflection is, therefore, cceteris paribvs, directly as the 
cube of the length. 

From which it necessarily follows, agreeably to the preceding 

deductions, that r-^j-j = a constant quantity. 

5. M. Dupin also demonstrates, experimentally, the ratio which 
has been stated between the deflection of beams supported at each 
end and loaded in the middle, and the deflection of the same when 
the weight is uniformly spread; at least his experiments give 
results approximating towards that ratio ; viz., experimentally he 
has found it to be as 19 : 30, while the theory required the ratio of 
5 to 8 ; or reducing both to the same antecedent, the first is as 95 
to 150, and th^ second as 95 to 152, which is as nearly correct as 
it is possible to expect, considering, in the first place, that it is 
impossible practically to distribute the weights so as to have them 
perfectly uniform; and in the second, that the investigation 
belongs only to infinitely small deflections ; while experimentally 
they are rendered sufficiently obvious to be submitted to actual 
measurement. The same author has found various other inte- 
resting results ; but we cannot allow any further abstracts in this 
place. 

62, It is important to observe, before concluding this chapter, 

B 2 
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that all the foregoing investigatioDS have been made exclusively 
with reference to rectangular beams, and that they must only be 
considered as being applicable to that form ; for, notwithstanding 
we have throughout made our deductioAs from a comparison of the 
depths, breadths, &c., it is obviously not the depth of the whole 
beam, but that of its neutral axis, on whidi the deflection depends ; 
but as the latter, in rectangular beams, is always as the whole 
depth, we may use the one for the other indifferently, and we 
made choice of the latter for the sake of simplicity. 

Practical Deductions. 

63, The following practical deductions flow immediately from 
the preceding investigations, and with them we shall conclude this 
chapter. 

1. It has been shown, that the successive deflections are directly 
as the weight and cube of the length, and reciprocally, as the 
breadth and cube of the depth, or that when the beam is fixed at 
one end, and loaded at the other, 

Z* W 

, .g^ B E, * is a constant qnantit j. 

When fixed at one end uniformly loaded (see Art. 47), 

8 Z* W 

^ - - ^ = B, the same constant. 
o cP 

When supported at both ends, and loaded in the middle, 

2* W 

= B, the same constant. 



16 6 <i>8 

2. And hence it follows, that in order to preserve the same 
stiffness in beams, the depth must be increased in the same pro- 
portion as the length, the breadth remaining constant. 

3. In square beams of different lengths, the stiflness will be the 

same, when 8T is as Z, 8 being the side of the square, and I the 
length. 

4. If the depth is given, the stiffness will be the same when 6 is 

as P, or when bi is as i. 

5. The deflection of different beams arising from their own 
weight, having their several dimensions proportional, will be as 

. 1 ? W 

♦ It may be proper to observe, that the original expression is o^^^ = B, a constant ; 

n VT 

of course ^—j^- « E, is constant also ; and we prefer the latter expression, for the sake 
6 a' 

of simplicity. 
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the square of either of their like lineal dimensions. For it has 
been seen that in all these cases r-jrx^ ^j ^ constant quantity : 

and if^ therefore^ we suppose each of these dimensions to be 
increased m times ; then the weight W will be increased m* times, 
and we shall, therefore, have 

Pm'WmS _ PWw' .. 

B, or - ^ = B ; 



consequently, since E is the same in both, 5' must have varied 
as m\ 

The same will apply to beams loaded throughout proportional 
to the dimensions ; and it is a fact which ought to be kept con- 
stantly in view in the construction of models, on a small scale, of 
works intended to be executed on a large one. 

6. With regard to the ultimate deflection of beams before their 
rupture, the same relations do not result ; for it is obvious, from 
what has been already stated (Art. 51), that the depth being the 
same, the element of deflection will, in the breaking state of the 
beam, be constant ; and, consequently, the ultimate deflection will 
in this case be as the square of the length, and it will be inversely 
as the depth when the length is the same; and if both these 
dimensions remain constant, the last deflections will be constant 
also, whatever may be the breadth of the beam. 

The formula, therefore, applicable to this case, is •^— = U, a 

constant quantity, where A is the last deflection, I the length, and 
d the depth of the beam. 

But little dependence, however, can be placed on this last 
deduction, because the law of deflections becomes very uncertain, 
after the elasticity has ceased to be perfect ; which is some time 
before the rupture takes place. 

ExpervmenU on the Tranaverae Strength of Timber, 

64. Reference has already been made to the experiments of 
Galileo, Mariotte, Musschenbroeck, and others, which had been 
made in the earlier stages of this inquiry ; but unfortunately, from 
one cause or other, the results obtained from them are little 
accordant with each other ; and we think it useless to embarrass 
the reader by giving a long detail of labours on which no de- 
pendence can be placed : passing over, therefore, many early 
experiments, we come to those of M. Buffbn, by far the most valu- 
able, both as respects the number of them, and the size of the 
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pieces of timber on which they were made ; many of them having 
been from 20 to 28 feet in length, and from 4 to 8 inches square. 
This philosopher was furnished by the French Government with 
ample funds, and every necessary means for carrying on his experi- 
ments on a grand scale ; and he discharged the duty thus imposed 
upon him in a manner highly creditable to himself, and to the 
satisfaction of the Academy ; but he did not, perhaps, possess the 
mathematical knowledge necessary for making the best use of his 
results. His experiments, however, are not the less valuable ; as 
they are, no doubt, faithfully related, and furnish a sound founda- 
tion for the establishment of a correct theory. 

He commenced his operations, with Du Hamel, on pieces of 
small dimensions ; and tried them in succession from the heart to 
the bark of the tree, and from the root upwards. From these 
experiments it was found that the heart was the densest, that the 
density decreased thence to the circumference, and that the 
strength decreased also in nearly the same proportion. 

He also made trial of the proportional strength of battens, 
accordingly as they were laid, with the annual layers, vertical or 
horizontal, and found a difference in the strength, in these two 
cases, nearly in the ratio of 8 to 7 ; the difference, no doubt, arising 
from the cohesion of the layers with each other being considerably 
less than that between the fibres themselves. Some experiments 
have been referred to, in Art. 13, to show the quantity of this 
lateral cohesion, although it must be allowed to be rather a subject 
of curiosity than utility ; for large beams, whose strength it is the 
most important to be acquainted with, commonly occupy the 
whole, or nearly the whole, section of the tree. 

M. Buffon found likewise, that oak timber lost much of its 
strength in the course of drying, or seasoning ; and therefore, in 
order to secure unifonnity, his trees were all felled in the same 
season of the year, were squared the day after, and, experimented 
on the third day. Trying them in this green state, gave him an 
opportunity of observing a very curious phenomenon ; namely, that 
when the weights were laid briskly on, nearly sufficient to break 
the log, a very sensible smoke was observed to issue from the two 
ends, with a sharp hissing noise, which continued all the time the 
tree was bending or cracking. 

This philosopher, as above stated, drew no important conclusions 
from his experiments : he seems to have had in view no favourite 
theoiy, either of his own or of any other writer, and was therefore 
free from any bias, or any desire to accommodate his experiments 
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to a particular hypothesis : besides, his beams were too large for 
him to deceive himself in this respect, as there is reason to 
believe has been the case with some authors. Upon the whole, 
these were certainly the most valuable experiments that had yet 
been made upon the transverse strength and strain of oak timber, 
whether they be considered as the means of furnishing practical 
precedent or theoretical data : the following Table of this author's 
resuJts will therefore, it is presumed, be acceptable to the English 
engineer, for whose convenience the several results are reduced to 
English weights and measures. 

65. Table of the MeeuUs of BufforCt Experiments on the Transverse Strength of Square 

Oak Beams. 



No. 



Side of tquare. 



In 
Inches. 



In 
metres. 



Length. 



In feet and 
inches. 



In 
metres. 



Weight of the 
pieces. 



In lbs. 



In 
kilogrs. 



Weight? 

which broke 

the pieces. 



In lbs. 



Deflection 

before 
cracking. 



In In 

kilt^frs. inches. 



In 
metres. 



1 

2 

S 

4 

5 

6 

7 

8 

9 

10 

11 

12 

18 

14 

15 

16 

17 







7 


6 


2.2732 


64-56 


29-34 


5756 


2616 


8-47 






7 


6 


2-2732 


60-26 


27-39 


5676 


2580 


4-82 






8 


6-8 


2-5979 


73-17 


83-26 


4950 


2250 


4 01 






8 


6-8 


2-6979 


67-79 


80-81 


4842 


2201 


5-00 


4-28 


•1082 


9 


7-7 


2-9227 


83-85 


37-66 


4401 


2005 


5-17 






9 


7-7 


2-9227 


76-39 


84-73 


4250 


1932 


5-89 






10 


8-5 


8-2473 


90-87 


41-09 


39(i0 


1773 


6-25 






10 


8-6 


8-2473 


88-23 


40-11 


3884 


1760 


696 






12 10-3 


3-8969 


107-60 


48-91 


3281 


1491 


7-50 






12 10-3 


3-8969 


105-45 


47-93 


3174 


1430 


7-50 






7 


6 


2-2732 


101-14 


45-98 


12670 


5759 


2-67 






7 


6 


2-2732 


95 82 


43-33 


12133 


5615 


2-67 






8 


6-8 


2-5979 


111-91 


50-87 


10653 


4842 


2-85 






8 


6-8 


2-6979 


109-76 


49-89 


10411 


4732 


8-12 






9 


7-7 


2-9227 


126-97 


57-72 


9038 


4108 


3-21 






9 


7-7 


2-9227 


124-82 


56-74 


8958 


4072 


3-51 


• 




9 


7-7 


2-9-227 


173-75 


56-25 


8822 


4011 


3-76 



18 






10 


8-5 


3-24751 1 142-04 


64 69 


7774 


3534 


3-39 


19 






10 


8-5 


3-2473 139-91 


63-60 


7686 


3448 


8-74 


20 






10 


85 


3 2473 ! 138-28 


62-85 


7639 


3472 


4-28 


21 






12 


10-3 


3-8969 


167-87 


76-30 


6510 


29.'>9 


6>9 


22 


5-85 


-1353 


12 


10 3 


3-8969 


165-71 


75-32 


6563 


2983 


6-16 


23 






15 





4-5464 


191 54 


87-06 


5811 


2641 


8-67 


24 






15 





4-5461 


189-38 


86 09 


5695 


-2543 


8-83 


25 






17 


1-7 


5-1959 


224-90 


102-23 


4861 


2164 


8-65 


^6 






17 


17 


5-1959 


2-20-59 


100-27 


4600 


2091 


8 74 


27 






19 


8-4 


5-8453 


249-65 


113-48 


4034 


1834 


8-57 


28 






19 


8-4 


5-8453 


248-67 


113-00 


3248 


1799 


8-74 


29 






21 


5 1 


6 4947 


284-12 


129-64 


3.523 


1601 


9-46 


30 






21 


5-1 


6-4947 


278-71 


126-69 


3416 


1553 


10-71 


31 






25 


8-6 


7 7919 


333-59 


161-65 


2367 


1076 


11-88 


32 






25 


8-6 


7 -79:59 


330-36 


160-16 


2286 


1039 


12 05 


83 






30 





9 0928 


391-69 


178-04 


1936 


880 


19-78 


84 






30 





9-0928 


365-40 


166-09 


1882 


855 


28-57 



0946 
1217 
1013 
1262 
1307 
1488 
1678 
1768 
1894 
1894 
0676 
0676 
0721 
0789 
0811 
0878 
0946 



0856 
0946 
1082 
1188 
lf.56 
2164 
'^-281 
2186 
2209 
2164 
2209 
2389 
2706 
•2976 
3652 
4870 
5962 
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TABLB~(con<tnu€(2). 





Sido of square. 




Length. 


Weight of the 
pieces. 


Weights 
which broke 


Deflection 
before 


No. 








the pieces. 


cracking. 


In 


In 


In feet and 


In 


In lbs. 


In 


In lbs. 


In 


In 


In 




inches, metres. 

1 


Inches. 


metres. 


kilogrs. 


kilogrs. 


inches. 


metres. 


85 






7 


6 


2-2732 


188-27 


62-85 


20716 


9416 






36 






7 


6 


2 2782 


129-66 


58-93 


20069 


9122 






37 






8 


6-8 


2-5979 


160-33 


72-88 


16894 


7679 


2-50 


•0631 


38 






8 


6-8 


2-5979 


157-11 


71-41 


16517 


7508 


2*58 


-0653 


39 






9 


7-7 


2-9227 


178-63 


81-19 


14473 


6579 


2-67 


-0676 


40 






9 


7-7 


2-9227 


177-02 


80-46 


13607 


6285 


2-83 


•0766 


41 






10 


8-5 


3-2473 


202 30 


91 96 


1-2847 


5612 


8-21 


•0811 


42 






10 


8-5 


3-2473 


200-18 


91 00 


11863 


6392 


8-74 


-0946 


43 


6*43 


•1624 


12 


10-3 


3-8969 


241-04 


109-56 


9900 


4500 


4-28 


•1082 


44 






12 


10-3 


3-8969 


2.17-82 


10810 


9684 


4402 


4-38 


-1107 


45 






15 





4-5464 


274-40 


12478 


8016 


8644 


4-82 


•1217 


46 






15 





4-5464 


-273-33 


124 24 


8070 


3668 


4-38 


•1107 


47 






17 


1-7 


5-1959 


31637 


143 80 


6725 


3057 


6-89 


•1488 


48 






17 


1-7 


519:.9 


31529 


143-32 


6967 


3167 


6-26 


-1578 


49 






19 


3-4 


5-8458 


359-42 


16337 


6052 


2751 


7-94 


-2006 


50 






19 


3-4 


5-8453 


15618 


1(51 -90 


5918 


2690 


9-10 


•2-2^9 


51 






21 


6-1 


6-4916 


405-69 


184-40 


5406 


2457 


1017 


•2570 


52 






21 


6^1 


6-4946 


403-53 


183-43 


6246 


2^84 


9-46 


-2389 


53 






8 


6-8 


2 5979 


219-52 


100-00 


28140 


12791 


2-94 


•0748 


54 






8 


6-8 


2 5979 


219-52 


100-00 


27926 


12693 


2-68 


-0676 


^5 









7-7 


2-9227 


244-28 


m-oi 


24535 


11152 


8-81 


-0886 


56 






9 


7.7 


2 9227 


242 12 


110-05 


23562 


10712 


3-1-2 


•0789 


57 






10 


8-5 


8-2473 


273-33 


124-24 


21145 


9611 


2-78 


-0689 


58 






10 


8-5 


3-2478 


271-15 


128-25 


20769 


9440 


8-21 


-0811 


59 






12 


10-8 


3 8969 


824-98 


147-72 


18078 


8217 


8-12 


•0789 


60 






12 10-3 


3 8969 


323-90 


147-23 


16733 


7606 


8*66 


•0900 


61 


7-5 


•1894 


15 


0- 


4-5464 


382-01 


178-64 


14634 


6652 


4-46 


•1127 


62 






15 


0- 


4-5464 


377-72 


171 69 


18828 


6286 


4 01 


•1013 


63 






17 


1-7 


5-1959 


436-90 


198-69 


11944 


6429 


6-17 


•1807 


64 






17 


1-7 


6 1959 


438-67 


197-12 


11729 


6381 


6-62 


•1420 


65 






19 


3 4 


5-8453 


488-65 


222-07 


10163 


4622 


6-89 


•1488 


66 






19 


3-4 


6 -8458 


488-55 


222-07 


10118 


4597 


6-26 


•1578 


67 






21 


6-1 


6-4946 


653-45 


247-01 


9200 


4182 


8 '39 


-2119 


68 






21 


6-1 


6-4946 


664-66 


247-60 


8608 


8913 


9-10 


-2299 


69 






10 


8-6 


8 -2478 


366-19 


161-90 


29916 


18698 


8-21 


•0811 


70 






10 


8-5 


8-2473 


856-19 


161-90 


28709 


13049 


2-41 


•0608 


71 






12 10 3 


3-8969 


427-22 


194-19 


24619 


11190 


8-21 


-0811 


72 






12 10-3 


3-8969 


425-60 


193-46 


23664 


10760 


812 


•0789 


73 






16 


0- 


4-6464 


496-08 


226*49 


21576 


9807 


4-10 


•1036 


74 


8-67 


•2166 


16 


0- 


4-5464 


493-93 


224-61 


20894 


9538 


8-39 


•0856 


76 






17 


1-7 


5-1959 


664-96 


266-80 


18078 


8217 


6-53 


•1898 


76 






17 


1-7 


6-1959 


568-88 


266-81 


17163 


7801 


4-01 


-1013 


77 






19 


8-4 


6-8463 


639-21 


290-65 


14626 


6608 


4-82 


-1217 


78 






19 


3-4 


5-8453 


638-53 


290-06 


18801 


6309 


4-37 


•1104 


79 






21 


6-1 


6 4946 


712-34 


323'79 


12670 


6769 


6-96 


•1758 


80 






21 


6 1 


6-4946 


710-23 


822-88 


18128 


6967 


6-48 


•1623 



It has been observed, that the preceding Table may be con- 
sidered as furnishing the most useful results^ relative to the trans- 
verse strength of oak beams, of any hitherto made public ; both as 
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they regard practical precedent and theoretical data; but^ with 
reference to the former; the engineer must bear well in mind the 
green state of the wood when the experiments were performed, 
which adds much to its strength, on accoimt of the fibres in that 
state offering a much greater resistance to compression than when 
the timber has been well dried and seasoned. 

We come now to more recent expeiiments. 

66, A knowledge of the strength and elasticity of timber being 
subjects of the highest importance in the construction of ships, &c., 
the Surveyors of His Majesty's Navy have, at different times, 
ordered experiments to be made, directed to this object ; and they 
have in the most handsome manner supplied me with every infor- 
mation they were in possession of, relative to these inquiries ; a 
favour for which I am equally indebted to the liberal views of 
those gentlemen and to the friendly interference and recommenda- 
tion of John Knowles, Esq., Secretary to that Board, through whom 
it was solicited. 

The following Table contains the results of experiments carried 
on in the dockyard at Deptford, by Colonel Beajjufoy, on English 
and Dantzic oak, Riga fir, and pitch pine. The several pieces were 
each 5 feet long and 2 inches square, fixed at one end in a mortise 
to the length of 1 foot, so that the part projecting was 4 feet ; and 
the weight was hung on at that distance from the fulcrum. The 
twenty-five pieces of Dantzic oak were cut from the same tree, of 
which the mean specific gravity was 854. The several pieces of 
Biga fir were also all from one tree, of which the mean specific 
gravity was 537 ; as were those of pitch pine, but the specific 
gravity is not stated. Of the English oak, the first six pieces were 
from one tree, of which the specific gravity was 922, and the other 
thirteen from another ; the latter very irregular and cross-grained, 
but its weight is not given : nor do I find any indication of the 
particular weight of each piece, nor the situation it occupied with 
regard to its distance from the heart or centra It is simply 
stated, that the last piece of oak was the heart of the tree, and 
that it was the weakest. 

The deflections were measured in degrees and minutes, on a 
graduated arc of the same radius as the beam, viz., 4 feet, and 
were taken as every 141bs. were put on : we have given, however, 
only the mean, the Isst weights, and the corresponding deflections. 
It appears from all these experiments, that the deflections are v6ry 
nearly in the ratio of the weights, till about one-half, or a little 
less than one-half the weight, is laid on, after which they become 
more rapid, and very irregular. 
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67. Table of Sxperimewts ecuried on in the Dockyard^ Deptford, on BeafM of different 

woods, fixed at one end : by Col, Beavifoy, 
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These experiments, ftimish the absolute and comparative 
strength of the four following woods, viz. : 



Lengili 4 feet» 
2 inohes iqnare. 



Dantzio oak . 167 tbs. Sp. gr. 854 

Etiga Fir • . 202 Iba. . . . Sp. gr. 637 

Fitch pine . 272 Ihs. . . Sp. gr. 

Bogliflh oak . 258 lbs. . . . Sp. gr. 922 

Ditto. . . 211 lbs. 



Other experiments were made by the same gentleman on 
battens of 2\, 2^, 2|, and 3 inches square, and of the same length. 
The particulars are not stated ; but it appeared from them, that 
the ratio of the strengths a little exceeded the ratio of the cubes of 
the sides. 

68. Other experiments were also made upon pieces of the same 
dimensions, spliced and fixed in different ways : the acarph in all 
of them was 12 inches long and 13 inches from the end, viz, about 
an inch from the fulcrum. The results were as follow : 

^^mr,i «« /.•./7 ^^«« /No- 1» broke in the splice . . 112 Tbs. 

Scarphupanddamn . • j jjo. 2! ditto . ... 109 lbs. 

Scarph fiatwucj large end i No. 1, nails drew through the small 

uppeiinoslf and towards I end of the scarph . . 104 Tbs. 
the fulcrum . . / No. 2, ditto 98 lbs. 

e^- I JT i • ^ 7f j\ No. 1, broke in the thick part of 
Scarphfiatwise small end \ \be scarph . . . 84 lbs. 

towards the fulcrum • | No. 2, ditto . . . . . 90 lbs. 

From these experiments it is inferred, that the two former 
positions of spliced pieces are preferable to the last. 

69, The following experiments were made under the same 
authority, by Messrs. Peake and Barrallier. 

It is necessary, in order that the reader may properly under- 
stand the results contained in the fourth, fifth, and sixth columns 
of the following Table, to explain the nature of the apparatus by 
which these several pieces were submitted to experiment. An 
oak pillar, 12 inches square, had a hole of 2 inches square cut in 
it, for the purpose of receiving the end of the batten, the pillar 
itself being securely fixed, between the principal floor-joist and the 
tie-beam, in the mould-loft in Woolwich dockyard ; and a semi- 
circular piece of oak, of 6 inches radius, was well fixed to the 
principal pillar, to prevent the batten from crippling at its lower 
side. This semicircle was divided into inches and parts, and as 
the weights were successively applied, the batten was deflected, 
and in some measure bent over this arc ; and the numbers in the 
columns above mentioned show to what extent this bending took 
place. 

• It may be proper to observe, that No. 13, in Col. Beaufov's Beiwrt of the Rlgn fir, Tpaa very 
irregular, having been broken with only 08 lbs. : this experiment ia therefore rejected, and its 
place is supplied with Experiment No. 26. It may also be fucther stated, that the above mean 
weights are obtained by dividing the sum uf all the breaking weights by the number of them. 
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As to the numbers in the other columns, they will be readily 
understood, from the description given at their heads in the 
Table ; — the first showing the number of the experiments ; the 
second, the number of years the pieces had been in store ; the 
third, the specific gravity ; the fourth and fifth, the part of the arc 
which came in contact with the batten, with 56 lbs. and 112 lbs. 
respectively ; the sixth, the contact which remained after removing 
the last weight ; the seventh column shows the whole curvature ; the 
eighth, the weight under which the piece crippled ; the ninth, the 
weight under which it broke ; and the tenth contains sundry remarks. 

70. Table of SxperimenU on Riga Fir Batteru, 2 inches tqwurey fixed al one end, and 

the weight acting at 5 feet from the fulcrum. 

Note. — These pieces were all kept dry. 
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Same a» No. 1. 
Ditto. 

Sound batten. 
Ditto. 
Ditto. 
Ditto. 

Broke short. 
Ditto. 

Very shaky. 
Sound. 
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Ditto. 
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Broke short. 
Ditto. 

Fine texture. 
Ditto. 

Broke short 
Ditto. 

Same as No. 2. 
Broke suddenly 



27)17110 
Mean, 633 



Sum, rejecting No. 11. 



27)4132 
Mean, 153 



The preceding Table, by Colonel Beaufoy, reckoning the strength to be inversely as the 
length, gives 5:4:: 202 : 161 lbs. for the mean ; which is in defect only 1 Vb. ; the 
mean of the former being 162 lbs. at 4 feet. 
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TABLB— (con<mtte(2). 

Cimtainifig timUar experiments on BcUtent of the same DimensionSf of different hinds 

of Wood, 



t 



■ 
o 



I 



I 

I 



Arc received 
by the bat- 
tens under 

the weight of 



66fhB. 



112 Ibe. 



»4 

■Si •*» 



I 



I 




^1 



Bbmabki. 



2 
8 
4 

5 
6 
7 

8 
9 
10 
11 
12 
13 
14 
15 

16 
17 
18 
19 
20 
21 
22 

23 
24 
25 
26 

27 
28 
29 
80 

81 
82 
88 

84 
85 











VIRGINIA YELLOW 


FINE. 










inches 


inchdfl 


inches 


inches 


lbs. 


fits. 


1 


Time un- 
known 


564 
720 


4i 


• • ■ 


• • • 


10 


98 


98 


do. 


2| 


4} 


0} 


164 


246 


251 




do. 


498 


6 




• « • 


15i 


233 


233 




do. 


618 




Si 


0| 


26] 


206 


234 




do. 


498 


It 


01 


• * • 


126 


135 




do. 


522 


H 


Oi 


111 


133 


133 




do. 


492 


81 


6i 


04 


• • • 


140 


147 











PITCH 


PINE. 






do. 


816 


2 


8| 


Oi 


H 


196 


203 


do. 


816 


u 


2ji 


H 


• • • 


336 


365 


do. 


996 


24 


Si 


o| 


124 


238 


244 


do. 


738 


2 


4 


n 


124 


224 


832 


do. 


732 


2 


Si 


Oi 


iij 


doa 


808 


do. 


696 


H 


8f 


04 

oi 


14 


287 


308 


do. 


708 


21 


44 


17 


273 


293 


da 


720 


H 


H 


04 


• • • 


140 


... 









CANADIAN WHITE 


PINE. 




1 


648 


4i 




m*» 




98 


123 


10 


672 


4jt 








98 


119 


8 


714 


4 








84 


103 


8 


660 


51 








84 


108 


4 


720 


8| 








84 


91 


4 


714 


sj 






loj 


84 


96 


8 


618 


Si 


lOi 


u 


ISi 


116 


122 



LARCH. 



4 


526 


7| 


16J 


4 


84 


• • • 


170 


4 


540 


84 


74 


Oj( 


HJ 


138 


138 


4 


670 


5|- 


104 


1 


15 


« • • 


137 


4 


526 


Sf 


6» 


0} 


i«i 


160 


162 









: 


DANTZIO FIH 






4 


690 


21 


*J 


04 


• •• 


158 


158 


4 


648 


2i 


^i 


oI 


m 


140 


140 


4 


630 


24 


^i 


Oi 


124 


140 


140 


8 


624 


8J 


H 


OJ 


lij 


186 


192 



A8H. 



1 


858 


2 


ii 


Of 


16 


224 


239 


1 


828 


24 


i\ 


H 


18* 
12| 


• • • 


217 


• ■ • 


660 


SI 


04 


... 


196 










TEAK. 


2 


672 


21 


a 


• • • 


16i 


224 


271 


2 


606 


2| 


*i 


• • • 


124 


224 


257 



Dry and defectiTe. 

Ditto. 

Ditto. 

Ditto. 

Part of old topmact. 

Dry. 

Ditto. 

Dry. 

Ditto. 

From Lakin*s kiln. 

Dry. 

Ditto. 

Ditto. 

Ditto. 

Defeotive. 

Wet 

Ditto. 

Ditto. 
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71. The preceding Table furnishes ihe following means, viz. : — 
each bar being 

r^l^r.! »«• j^,l«| 162««».p.gr.633 

Yirignia yellow pine 189 
Pitch pine . .256 
Ganadian white pine 109 
Larch . . . 150 
Bantxio ditto . . 156 
Ash . . . . 217 
Teak . .264 

It may be remarked, that the strength of pitch pine, according 
to these experiments, exceeds very considerably what was found by 
Colonel Beaufoy ; while that of the Riga fir, taking a mean 
between the wet and dry, is exactly the same in both : but it is to 
be observed, that in the experiments by Messrs. Peake and 
Barrallier, the bending of the pieces over the arc, as above 
described, shortens the ultimate radius ; and therefore they ought 
to be sti'onger than with the uniform radius of 5 feet : consequently 
the specimens of Riga fir in these experiments were really weaker 
than those of Colonel Beaufoy, although they apparently agree 
with each other. 

Eocjperiments on Tria/ngvlar Oak Beams, Jkc, by Mr. Couch, 

72. In a preceding chapter, we have given the detail of several 
valuable experiments by Mr. Couch, of Plymouth Dockyard ; and 
the two following Tables are due to the same gentleman. They 
exhibit the detail and results of experiments on the lateral or 
transverse strength of triangular prisms of Canadian oak, the 
sections of which were equilateral triangles, the sides being 3 
inches ; and also on some pieces reduced to the form of trape- 
zoids, by cutting oflf the vertex, or upper angle, to one-third of the 
depth. 

The short pieces, viz. those 3 feet 3 inches. Table I., were fixed 
by one end horizontally in a 3-inch mortise ; the others, as given 
in Table IL, which were 6 feet 6 inches, were fixed at each end 
into 3-inch mortises, so as to prevent the ends from rising ; and in 
both cases they were so well fitted as to require slight blows of the 
mallet to drive them in. 

These experiments were made in order to obtain data connected 
with mast-making, and to ascertain how far the commonly received 
notion was correct — namely, that if the vertex, or upper edge of a 
triangular prismatic beam, be cut off to one-third of the depth, the 
pieces will be stronger than before ; or, in other words, that a part 
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opposes more resistance than the whole ; — ^which assertion, as 
anticipated, was satisfactorily contradicted by the following 
results. 

These experiments are also very conclusive on another point, 
viz. that the strength of triangular prisms does not follow the law 
laid down either by Leibnitz or Galileo ; for, according to the 
former, the weights required to break a beam of this kind, with its 
base upwards, ought to be three times greater than in the reverse 
position ; and according to the latter, it ought to be double. Now, 
the mean of the first seven experiments is 306, and of the next 
four 348 ; which is very far from the weight required in either of 
the above theories. 

TABLE I. 

73. Sxperiments an Tria/ngular Oak Beams, by Mr. B. Couch. Pieces Zfeet 3 inches 
long, fixed by one end hortEontaUy into a pillar; 3 feet beyond the prop. 

Weight plaoed on the end. 
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II 
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or form. 
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10 
11 
12 

13 
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lbs. OZ. 

2 18 
2 154 
2 15i 

2 15 
8 7 



Sum ofthe first eeTen weights = 2141 
Bum of the next four = 1392 
7)2141 4)1392 



806 mean. 
Sam of the six trapezoids 
6)1618 



348 mean. 
1618 



269 mean. 
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TABLE 11. 

74. BxpermtaiUi, by Mr. Couch, on piecet 6 feet d tnc^ long, each end Jixed into 

piUan harieontaUy ; ^ feet between the prope. 

Weights placed on the middle. 
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76. The following Table exhibits the detail and results of 
experiments carried on also by Mr. Couch, on the lateral or trans- 
verse strength of Kiga, Norway, and Halifax spars; as also on 
pieces of timber wrought to the shape of the said spars (viz., frus- 
tums of cones,) converted from large logs of red pine, yellow pine, 
and oak, all the growth of Canada. 

The spars and other pieces were all of the same dimensions, viz., 
27 feet long, 3^ inches diameter at the butt, and to the distance of 
5 feet from the butt : the upper end was 1^ inch in diameter. 

They were fixed by the greater end horizontally into a mortise, 
the prop or fulcrum being 5 feet from the butt ; and the weights 
were placed 1 foot from the smaller end, leaving a lever or 
purchase of 21 feet. 
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TABLE III. 



76. Experiments on Riga, Norway, and Halifax Spars, Red and TeUow Pine, dtc, 

by Mr, Cottch, 
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The experiments which have been now detailed relative to the 
transverse strains, are, it is presumed, all that are historically 
deserving of any particular notice in this place ; we shall, there- 
fore, now proceed to describe the experiments from which the data 
given in a subsequent part of this work have been obtained. 

Experiments made at the Royal Military Academ^y, 

77. The foregoing were the principal experiments which had 
been made on the strength of timber, when I undertook to enter 
upon an investigation of this subject. They each furnished certain 
results ; but there was no attempt at generalising and connecting 
one set of results with another, by certain rules. Some rules, 
indeed, were to be found in different authors ; but they differed in 
most cases the one from the other, not only numerically, but in 
principle. My object, therefore, has been to endeavoui* to examine 
these points of difference by independent and distinct experi- 
ments, and ultimately to furnish such practical rules as might be 
had recourse to by practical men. 



EXPERIMENTS ON TRANSVERSE STRENGTH. 67 



An ExplaTvation of the Method of maJcmg the ExpeH'inents on 
the Transverse Stress and Strength of Batt&as of different 
Woods, with a Description of the Apparatus, &c. 

78, These experiments may be divided into four classes, viz., 
1st, When the battens were supported on two props, as shown in 
Plate IV. 2ndl7, When they were fixed horizontally, with one end 
in a wall, as in fig. 3, Plate V. 3rdly, When they were fixed at any 
given angle, as shown in figs, 1 and 2, Plate V. ; and, lastly, When 
both ends were firmly fixed, as in fig. 4 of the same Plate. 

Plate IV. represents an experiment on a fir batten, A B, 7 feet 
in length and 2 inches square, resting on the two props C D, E F, 
6 feet asunder : the two weights P P are 1 lb. each, and were used 
to keep the fine silk line, to which they were attached, stretched 
in a horizontal position between the props ; to facilitate which, the 
line was made to pass over two small brass rollers, one of which is 
shown at G. By means of this line, and the several small scales, 
ess, &c., each divided into lOths of inches, the deflection of the 
batten might be observed with great accuracy ; and in this manner 
those given in the detail of the experiments were taken. 

The number of these scales was varied at pleasure ; commonly 
there was only one in the centre ; at other times we had from 
three to ten, or even more ; and in some few cases a board was 
placed against the batten, and the curve traced upon it with a 
pencil ^ 

The small ivory scale at H was intended to measure the 
successive lengthening or stretching of the lower fibres, and was 
thus adjusted : 

A fine silk line was fixed at the end A of the batten A B, and 
brought under the whole length of A to B : the scale, which had 
two fine steel points attached to it, was fixed by them into the 
under side of the batten, as shown at H : at the top of the scale 
was a small brass wheel or roller, over which the silk passed, and 
to the end of this was hung a small semicylindrical brass weight, 
with its flat side towards the scale : two fine grooves were also cut, 
one in each of the brass plates, with which the tops of the props 
CD, E F, were defended, in order to allow the silk line to pass 
freely in them under the piece. 

The batten thus furnished was now rested on the two props, 
with the line placed so as to pass in the two grooves above men- 
tioned ; and by means of a screw, by which the line was attached 
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i6 the piece at A, the weight at H was adjusted to 0, on the same 
scale, which was divided from upwards into 40ths of inches. 

It is obvious now, that after the weights begin to give the 
batten any deflection, the small weight at H will be raised along 
the scale by a quantity exactly equal to the diflFerence between the 
original length of the bottom fibres and the length to which they 
are stretched at the time of making the observation ; and in this 
manner the stretching of the fibres at several different degrees of 
deflection was measured in a few experiments ; but as it did not 
appear that any useful application of this datum could be made in 
the theory, and as it required a longer time to adjust, &c., it was 
employed, comparatively, but in a few cases. 

It would be useless to enter more minutely into an explanation 
of these experiments, as the process will be obvious from an 
inspection of the Plate : it will be therefore sufficient merely to 
observe further, that the artist has chosen to represent the 
apparatus as if the experiments were performed in the open air ; 
and the consequence is, that the props do not appear sufficiently 
steady: they were, however, performed under cover, on a sub- 
stantial floor; and the trestles or props were made to slide in 
grooves, and were firmly fixed in them, so as to render the whole 
perfectly secure and steady : and to prevent any momentum in 
loading the scale, this was always made stationary by wedges, 
when the larger weights were introduced. 

79, In order to make the experiments on those pieces which 
were fixed by one end in a wall, the 'following means were 
employed. A block of hard wood, A B C D, fig. 3, Plate V., about 
18 inches long and 12 inches in breadth and depth, was cut 
through at about 5 inches from each end, as si ab c d, for the 
convenience of forming a hole 2 inches in breadth and depth, or 
rather more ; the one with the side of the square vertical, and the 
other with the diagonal vertical, as shown in the figure. The 
parts of the block were then screw-bolted together ; and an iron 
socket, exactly 2 inches square on the inside, was made to fit these 
holes very accurately, but so that it might be taken out and put in 
at pleasure : a hole was then cut out of a very heavy solid wall, a 
litlie larger than the block, into which the latter was fixed by 
means of inverted wedges, whereby the whole was rendered per- 
fectly firm and immoveable. 

The pieces of timber on which the experiments were made were 
2 inches square, and therefore fitted tight into the iron sockets 
above mentioned, the edges of which are shown in the figure ; the 
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under side being made slightly curving, to prevent the cutting of 
the lower face of the piece after the weight was hung on : and as 
the deflection would have rendered the scale liable to slip off, an 
iron plate, with two studs riveted to it, was screwed on the end of 
the batten, as shown at E and F, the former being bent into a 
right angle to fit its upper edge. 

In the same manner the blocks of figs. 1 and 2 were made and 
fixed^ differing from the former in nothing except the hole being 
made to form an angle of 26^ with the horizon ; the first ascending, 
and the other descending. 

Those of fig. 4 were precisely the same as the lower part of 
fig. 8, and were fixed into two walls exactly 6 feet asunder. 

Everything being thus adjusted, the scale was hung on, as 
shown in Plate IV., but which, for simplicity, is merely represented, 
in Plate V., by a single ball W. 

80. It may not be amiss to add, that the walls in which the 
blocks were fixed were not less than 40 feet high, although in the 
Plate they are represented as if they were not above 6 feet ; it 
being thought useless to show them in their full height. 

Such were the means employed for assuring accuracy in the 
results, and which it has been thought right to explain at length, 
in order that the reader may judge of the degree of confidence to 
which these experiments are entitled. This has been commonly 
omitted by preceding authors, and has been the subject of just 
complaint by those who would have wished to avail themselves of 
their data for the purpose of thec»retical investigation ; so that in 
cases where a disagreement was found to have taken place between 
the theoretical and practical results, it was always doubtful to 
which the error belonged, and was therefore attributed to either, as 
best suited the views of the writer. 

The following are the results of the different experiments made 
on the transverse strain, arranged according to the dimensions of 
the battens : — 
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ObservcUions relative to the preceding Experiments. 

87. It is proper here to observe, that the preceding results must 
not be considered as furnishing any data that are applicable to fir 
in general ; for as the object was principally to ascertain the rela- 
tion which exists between the strength and the dimensions of the 
pieces, the greatest care was taken in selecting the best and most 
perfect specimens of the kind that could be procured : several of 
the planks had been in store for a considerable time, and were 
perfectly seasoned, which accounts for their specific gravities being 
less than is usually found for Biga fir and Christiana deals, of 
which the specimens principally consisted. By this means a 
greater uniformity was found in the results, and a greater strength 
than is generally due to this kind of wood ; but the results were 
obviously so much the better adapted for eliciting a correct idea of 
the nature of the straining and resisting forces. The medium 
strength of Riga fir will be found in the general Table of Data. 
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The preoecUxig expeiimente hayihg Bhown pretty clearly the sittiatlali of' the neatxvl azis ; 
▼iiL, that it was at about iths of the depth of the aeotlon from the bottom ; these bars, which 
were part of the same specimens as those of the same dimensions (Art 84X were oat down 1^ 
inch, or fth of the depth, and the saw-grooye filled up by a thin slip of pear-tree, sufficiently 
tight to preeerre the stiflness of the battens, but without straining them. They were then 
loaded as usual, and were broken with the weights above stated. 

On examining the wedges, or slips of pear-tree, after the experiments, it was found that No. 
1 was a little kmger than No. 8, and No. 3 than No. 2 ; uid the wedge of another batten, that 
broke witii a ooiuiderably less weight, was ^th of an inch longer than any of them. The 
ImpreasioQ of the fibres was very distinctly marked on the wedges ; strongest at top, and gradually 
weakening towards the bottom, where they could scarcely be distinguished. 

These experiments seem to indicate that the neutral axis was very nearly at f ths of the depth of 
the batten. The deflection of No. 1 exceeded that of Nos. 2 and 3 by 4th throughout. 
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TABLE IL^ieorUinued), 
97. JBxpenmentt <m Solid and HoUow Cylinders, supported at each end. 



6 
}?5 



o 

S' 



>^ 



^ 



O hi 



QQ ^ 



.d 



I 



ll 



I 



r. 









1 


) 


581 


48 


2 


solid. 


740 


2'0 


2 


} Fir. 


603 


48 


2 


do. 


796 


2-1 


8 


) 


580 


48 


2 


do. 


780 


1-9 



4 
5 
6 
7 
8 
9 

10 
11 



) 


590 


46 


2 


[ Asb. 


590 


46 


2 


1 


586 


46 


2 




540 


46 


2 




601 


46 


2 




601 


46 


2 




580 


46 


2 




580 


46 


2 



solid. 

solid. 
4 inch. 
I inch. 
j inch. 



i 

1 

1 



inch, 
inch, 
inch. 



700 
730 
650 
664 
646 
654 
631 
630 



2-7 

2-5 
8 
8-0 
8 1 
2-9 
2-8 
8*6 



^he fir pieoes were part of the mme plank as those of 4 feet, given in Art. 85, viz., Nos. 8 and A, 
which was a very fine specimen of Christiania deal, and had been in store a conisiderable time. ^ 

The ash cylinders were obviously of a much weaker quality than those of which the detail is 
clven at Art. 05 ; but the results were very uniform, and they therefore furnish a good comparison 
between the strength of solid and hollow -cvlinders amongst themselves, although we cannot 
compare them with our square Imttens, as uiey were of a much inferior quality to the pre- 
ceding square pieces. The fir cylinders, on the contranr, furnish no comiMuriaon between solid and 
hoUow cylinders ; but they may be corrocUy compared with like pieces of the same dimension 
square, being, as stated above, precisely the same wood as Nos. 3 and 4, Art 85. 

98, Similar experiments to those last described were made on 
battens of elm and teak ; but the results of the latter were so 
irregular, that it would be useless to give the detail of them : it 
will be suflScient to observe, that one of the pieces of teak bore 
478 lbs., which was more than equal to the load borne by the ash 
pieces of the same dimensions; viz., 3 feet long by 2 inches 
square ; while the other two pieces broke with little more than 
300 lbs., the deflection in each case being about 7 inches : and one 
piece 2 feet long, 2 inches deep, and 1 inch in breadth, fixed at 
one end, and at an angle of 26° upwards, broke with 422 lbs., 
which is considerably more than was found to be necessary for 
breaking an equal piece of ash. 

The elm battens gave much more uniform results, although the 
pieces were found veiy weak in comparison with those of ash and 
beech. The mean weight which broke the three pieces 3 feet 
long and 2 inches square, was 216 lbs. ; and the mean of the same 
three pieces inverted and fixed diagonally, was 296 lbs., the latter 
being broken at 30 inches : the mean specific gravity was 570. 
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Remark, — ^If the same reduction be made here as in the pieces 
of ash and beech, we shall have 

86 : SO : : 296 : 246, 

which shows that the strength of elm is the same whether it be 
fixed direct or diagonally; whereas it was found that ash and 
beech were both weakest in the latter position. 

Determination of Practical Data, 
99. It has been observed, that all the preceding specimens of 
wood were selected from deals, planks, and battens which had been 
in store a considerable time, and that only the best, or those of the 
most uniform texture, were chosen for the purpose ; the object of 
the experiments not having been to furnish practical data, but to 
compare, under the most favourable circumstances, the theoretical 
formulae with experimental results. This having been eflFected, 
and the agreement having been found generally perfectly satisfac- 
tory, it became necessary to make another series of experiments 
on woods of more common quality, in order to furnish data for 
practical casea The author therefore applied to the Admiralty, 
and obtained permission to select specimens for experiment, from 
all the timber in store in Woolwich Dockyard ; in which selection 
he was kiudly assisted by Mr. Hockey, assistant builder in that 
establishment. 

It has been shown (Art. 28), that as regards the absolute 
strength of a beam, we ought to find. 

When the beam is fioced at one end and loaded at the other, 

a constant quantity for all wood of the same quality, whatever may 
be the length I, the breadth a, or the depth d ; consequently, S 
once determined, remains the same, and serves for computing the 
strength of any sized beam of the same wood, or the dimensions 
necessary to insure a given strength in a given direction. That 
is, of the four quantities, I, a, d, W, any three being given, the 
fourth may be found : thus, 

w Sad' 



a = 



W 



.^ as J 



In square beams a ^ d = ^-^' 
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When supported at one end and loaded in middle, 



In this case, therefore, 

I 

iacPS 

w 

4cPS 
4aS 



W = 



I 



a =s 



V 



iQCP 



:;= S. 



ZW 



In aquxn beanw a = d = '^Tg ' 



When the beam iafiooed at both ends and loaded in the middle, 

6a(2>S 



O s 



I 
Wj 

zw ^ 
eel's 

zw 
60S 



In KLVAre beams a — d » "^68 ' 



When the bea/m ia supported at both ends and loaded at an 

interrnediate point. 



w = 



a = 



d= V 



m w 

wwW 
a<2>S 

www 

Zd<S 

WW W 

2aS 



In square beams a « <2 = ^ 



mnW, 

is 



When the beam is fixed at both ends and loaded at an inter- 

mediate point, 

8 lacPQ 



w = 



2- 



a s= 



d= V 



2 m w 
2 m nW 
8 a <i> S 
2 w w W ^ 

8 l(PS 
2 w w W 

8ZaS 



In square beams a » (2 « V 



2t»nW . 
Z18 ' 



DETERMINATION OF PRACTICAL DATA. 81 

When the weight is uniformly distributed, the same formulflB 
will apply; but W in this case will represent only half the 
required or given weight. 

100. Again, it has been found (Art. 63, &c.), using a for b, in 
reference to elasticity and deflection, that 

When a beamfi is fixed at one end and loaded at the other, 

a constant quantity for all woods of the same quality. 

Wheafijxed at one end and uniformly loaded, 

8PW 



8ad*8 



B. 



When supported at eaeh end <md loaded in the middle. 



16 o dB 8 



=:E. 



When supported at each end and waifomdy loaded. 






E therefore being determined for any given wood, the other quan- 
tities may be found by a proper inversion of these formulae, as in 
the preceding cases of strength. These several values of S and E 
have been found experimentally on the several specimens as stated 
in the following Table. 
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{Copy of a Report trammUttd to the JTim. the PrineipcU Qfie&r$ and Commii$um6r$ 

of His Majesty's Navy,) 

TABLE OF DATA, 

CONTAIKIITO THl 

101, ResvUs of Rxpenmenis on ihs BUutieiiy and Strength of various Species of 

Timber, selected from Woolwich Dockyard, 



i. 

i 



Names 
of the woods, 

and 
dimenaioDB. 



w 

i 



! 

OQ 



Greatest weight 
and deflection 
while the elas- 
ticity remained 
perfect. 



Wght 
in lbs. 



Deflection 
in inches. 



-a 

•8 

is 



n 



g 



"5 



1^ 

II 



g 

0«M r-l 

S S U 

> • 






a 






§1 



02 



1 

2 
8 



Teak, 
7 ft. by 2 in. square. 



Mean Resalts • • 



742 
749 
744 

746 



J 800 
(800 
800 
(800 
}800 

isoo 



800 



1-065) 

1-093 J 

1-160 

1-130 

1-276 

1-192 



1-151 



1020 
976 
820 



988 



4-75 
4-20 
4-00 


1-2 

1-2 

• • • 


4-82 


1-2 



608600 



2462 



4 

6 
6 



Food, 
7 ft. by 2 in. square. 



Mean Resnlts . • 



600 


150 
160 


670 


160 
160 


568 


160 
150 


679 


160 



•880 
•780 
•820 
•887 
•887 
•830 



•822 



860 


6-00 


1-25 




848 


6-75 


• • ■ 




880 


6-00 


1^20 


422400 


846 


6-92 


1-225 



2221 



7 
8 
9 



English Oak, 

Ist specimen, 

7 ft. by 2 in. square, 

inferior specimen. 

Mean Besnlts . . 



986 
998 
926 



969 



150 
150 
160 
150 
h60 
(150 



160 



1-420) 
1 -420 ( 
1-700) 
1 -700 f 
1 ^650 j 
1-650 I 



1^590 



470 
421 
460 



450 



6-00 
5-90 
6-80 



5-90 



1-3 
1-8 
1-8 



1-8 I 218400 



1181 



10 
11 
12 



English Oak, 

2nd specimen, 

6 ft. by 2 io. square, 

reduced to 7 ft. 

Mean Results . . 



942 
900 
960 



934 



200 
200 
200 
200 
200 
200 



200 



1-260 ) 
1-280 j 
1-290) 
1-290 j 
1 -275 ) 
1 -285 



1-280 



640 
628 



649 



687 



7-90 
8-80 
8-10 



8-10 



1-2 



1-2 
1-2 



1-2 



862800 



1672 



18 
14 
15 



Canadian Oak, 
7 ft. by 2 in. square. 



Mean Resnlts . . 



866 
885 
867 



872 



225 
226 
225 
226 
225 
226 



1-160) 

1-160 { 

1-009 

1-011 

1-070 

1-070 



225 



1-080 



660 



6-70 



708 6-20 



651 6-10 



678 6-00 



1-1 



1-15 



11 25 



586200 



1766 



* Note, — For the sake of simplifying the calculations, the Talne of E is not carried on 

exact beyond the nearest fourth figure. 
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■Si 


NUD« 


5 

1 

1 


an>t«t irelght 
uid deHaction 
white the «la* 

perfect. 


1 


ll 

P 

S 


IJ 

> 






Wgbl 


DeHacUon 
Ininche*. 


17 

18 


DuUiaOak, 

7fl.bj2m. iqiun. 


7fl7 
787 
718 

m 


200 
BOO 
200 
200 
£00 
200 


1-710} 
1-890 
1-280 ) 
1-BOO i 
1-866 i 
1-716 t 


620 
6S0 
580 


5-00 
410 
5'GO 


1-2 

1-a 


297S0O 


1467 


200 


1-690 


560 


4-80 


1-2 


19 
SO 


AdHatieOak, 
7fl.l>T2in.Bqure. 

IfeaoSmtta . . 


941 

as 

IDSO 


100, 1-070 
]50J 1-070 
160 1-650 
150 l-isl) 
160 1-720 
160| l'720j 


680 
500 
620 


8-00 
6 '60 
6-70 


1-20 
1-25 
1-16 






993 


lfiO| 1-480 


528 


6-7! 


1-2 


243600 I 1383 1 


22 
2S 


Ash, 
7A.b7 2in.iqiuie. 

HeMBeralti . . 


780 
7SS 
762 


22S 
22£ 
2!ii 
226 
226 
226 


1-270 
1-250 
1-300 
1-270 
1-240 
1-270 


777 
780 
780 


9-00 

9-10 
8-68 


1-86 
1-80 
1-26 






7eo 


226 


1-280 


772 


8-92 


1-3 


411200 1 2028 


2fi 
20 
27 


7ft.V,3in.«i>uw. 
UouIUnltf . . 


712 

a28 

888 


ISO 
160 
160 
160 
IBO 
160 


1-076 
1-026 
1-009 
1024 
1-026 
1000 


665 
800 
816 


800 
5-70 
6 50 


1 




896 


160 


1-020 


6-78 


1 




28 
39 
10 


Bhn, 
aft.hj2lii..qM™, 


683 
540 
63B 
iSZ 


126 

125 

m 

125 
126 
126 

126 


1-620 

1-810 
1-420 
1-480 

2-oro 

1-980 


... 

89S 
894 


7-00 
8-88 


1-2 
1-1 


174960 


1018 


1-085 


m 


8-93 


.15 




;o 
;o 

iO 
10 
iO 

;o 


1-188 
1186 

1-1*0 

i-lio 

1-186 
1-091 


860 

... 

S20 


6-76 
6-00 


1-2 

1-8 


806400 


1838 


10 


1-134 1 822 


e-00 


1-2 
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TABLJl^(eonHniAed), 






NamM 
of the woodf, 

and 
dimenaiont. 



! 



OQ 



Greatest weight 
and deflection 
while the elas- 

ticit J remained 
perfect 



Wght. 
in Ibe. 



Deflection 
in inches 



I 

«3 



is 

•O Cj 

§•9 

2 



a 



^5 '"S^ 



»& 

o 






Ota 






02 



34 
35 
36 



87 
38 
39 



Red Pine, 
7 ft. by 2 in. square. 



Mean Resalts . • 



656 
667 
660 

657 


(160 

160 

160 

160 

(160 

(150 


•826 

•826 

•700 

•726} 

•725 

•730} 


473 
630 
630 

511 


5^70 
5 '88 
5-96 


1-8 

1^25 

1-26 


460000 


160 


•766 


5 '.88 


1-261 



1841 



New BnglAod Fir, 
7 ft. by 2 in. square. 



Mean Reenlts . . 



660 
660 
640 

653 


(150 
160 

(160 
160 
160 
160 

150 


•862) 

•862 { 

•970 

•970 

•960) 

•960} 


446 
403 
411 

420 


4^50 
4-70 

4-78 


1-86 
180 
1-88 


547800 


•931 


4-66 


1-33 



1102 



40 
41 
42 



Riga Fir, 

lit specimen, 

7 ft. by 2 in. sqoare. 



Mean Reenlts . . 



780 
766 
768 

753 


126 
125 
(126 
1125 
125 
126 

126 


•812 

•837 

•912 

•912 

•937) 

•910} 


420 
440 
406 

422 


5-80 
6^10 
6-10 


186 
1*33 

• • • 


832200 


•870 


6-00 


1'36 



1108 



43 
44 
46 



Riga Fir, 

2Dd specimen, 

6 ft. by 2 in. square. 



Mean Results . . 



7141 ( ^^^ 
''^* \160 



768 
782 



160 
150 
150 
160 



738 



150 



■794) 

•794 

•907 

•909 

•960 

•960 



•888 



567 
367 
467 



467 



6^50 
6^00 
6^60 



6-00 



247600 



1061 



46 
47 
48 
49 



Mar Forest Fir, 

1st specimen, 

7 ft. by 2 in. square. 



Mean Results • . 



715 
616 
684 
769 



696 



126 
126 
126 
126 
125 
126 
126 
126 



126 



1 
1 
1 
1 
1 
1 
1 
1 



•660 
•500 
•870 
•250 
870 
370 
660 
660 






1-442 



860 
463 
466 



5^60 
5'50 
7^00 



457 6-00 



436, 6^00 



1-8 
1-8 
18 
1-8 



1-8 



161840 



1144 



60 
61 
52 



Mar Forest, 

2nd specimen, 

6 ft. by 2 in. square. 



Mean Results . . 



720 
756 
603 



603 



(160 
150 
150 
160 
160 
160 

160 



1-160 
1^150 
1-260 
1^150 
0-675 
0-676 



1.006 



600 
617 
667 



561 



7-00 
6 00 
6-26 



6^42 



18 
1-3 



1-8 



217400 



1262 
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TABLB-'icofUinued), 



& • 



53 
54 
55 



NaxnM 
of the woods, 

and 
dimezuloiia. 



! 



OQ 



Greatest weight 
and deflection 
while the elas- 

tioity remained 
perfect 



Wght. 
inlbe. 



Deflection 
in inches. 






-a 



m 



I 

as 



Is 

i| 

Is 



^ 



a 

0«H 

^5 






n 



^ 



•a o 

II « 
.5 OQ 






Miar Forest, 

8rd speeimen, 

9 ft by 2 in. sqaftre. 



Mean Results 



700 
710 
698 

703 



150 
150 
150 
150 
150 
150 



150 



1-150 
1-150 
1-230 
1170 
0-675 
0-675 



1006 



561 
570 
552 



561 



6-5 


1-8 




6-5 


1-8 




6-25 


1-8 
1-8 


217400 


6-42 


8-60 


• a* 




8-60 


• * • 




8-54 

• 


• •> 


154080 


8-58 


• •a 



1262 



56 
57 
58 



59 
60 
61 



62 
68 
64 
65 



66 
67 
68 



Loreh, 

let specimen, 

7 ft. bj 2 in. sqnare. 



Mean Reenlta • . 



504 
576 
514 

531 



125 


1-930) 
1-910 { 


125 


125 
125 


1-740 ) 
1-760 J 


125 


1-970) 
2-000 { 


125 


125 


1-885 



800 
840 
836 

825 



858 



Laroh, 

2nd specimen, 

6 ft. by 2 in. square. 



Mean Resolts • . 



552 
480 
534 



522 



125 
125 
125 
125 
125 
125 



125 



0-750 
0-750 
0-812 
0-812 
0-875 



0-812 



Larch, 

8rd specimen, 

6 ft. by 2 in. scLnare. 



Mean Besnlts 



546 
552 
552 
576 



. 556 



150 
150 
150 
150 
150 
150 
150 
150 

150 



0-750 
0-750 
0-825 
0-825 
0-750 j 
0-750 { 
1-060) 
•950 I 



0-831 



800 
412 
398 



870 



6-00 
4-50 
4-50 



5-00 



417 
497 
537 
552 



4-70 
4-90 
5-00 
5-40 



224400 



1-25 
1-25 
1-20 
1-20 



501 5-00 1-225 263200 



882 



1127 



Larch, 

4ih specimen, 

6 ft. by 2 in. sqnare. 

Mean Resnlts . . 



552 

581 
548 

560 


J 150 
(150 
150 
150 
150 
150 


•831 

-831 { 

-900} 

-864 

-762 

•798 


500 
515 
515 

510 


4-8 
5-2 
5 


1-2 
1-2 
1-2 


263200 


150 


-831 


5-0 


1-2 



1149 



69 
70 
71 



Norway Spar, 
6 ft. by 2 in. square. 



Mean Results 



600 
600 



580 



577 



)200 
(200 
(200 
(200 
(200 
(200 



200 



-800 
•800 
-760 
-740 
•840 
-860 



•800 



667 
617 
680 



655 



4-0 
4-0 



4-0 



4 



1*35 
1-25 



1-30 



1-30 



864400 



1474 



To the Hon, tke Principal Ojfieer$ and Oommittioners of Bii MajatjfM Navy, 
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102. Additional ExperimenU made in the Royal Arsenal, by P. W. Barlow^ Civil 
Engineer^ on the Strength and Ftaetidty of variaua Woode of English and 
Foreign growth. 



t 



8 
9 
10 
11 
12 
IS 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
80 
31 
82 
38 
34 
35 
86 



Names of wooda. 



AcaciA) English growth 

„ ditto . . . 

Oftk, &8t grown . • . 

slow grown • . 

tftse grown . . . 

alow grown . . 






II 



II 



saperior qnality . 



II 



ditto . 
Tonquin Bean 

Looofit . . 

Bullet Tree. 

Greenheart . 

Cabacall/ . 

Afriean Oak 



American 
Black Birch 

Common 
Birch . . 

Ash . . . 

Elm . . . 

Ghrisiiana 
Deal . . 

Memel Deal . 



middle 
outside 
middle 
outside 

! middle 
outside 
! middle 
outside 
I middle 
outside 
middle 
outside 
middle 
ontside 
middle 
outside 
middle 
outside 
middle 
outside 
middle 
outside 
{ middle 
( outside 

! middle 
outside 
( middle 
( outside 



i 
I 



QQ 



710 
710 
903 
856 
972 
835 

748 

756 

1086 

1080 

972 

936 

1029 

1029 

1015 

986 

907 

892 

972 

972 

1015 

972 

648 

633 

648 

669 

792 

630 

727 

702 

554 

532 

698 

6S0 

590 

590 



•S 



S s « 

w 



B 



o 

9 O 






I- 






bore 
660 

414] 

550 

439 

896 

680 

1388 

1332 

1052 

940 

1360 

1332 

1332 

1388 

952 

940 

1168 

1168 

1288 

1097 

775 

775 

644 

831 

800 

884 

660 

660 

436 

324 

856 

772 

786 

856 



1195 
1084 
999 
677 
999 
943 

1447 

1804 
2414 
2228 
2116 
2284 
1724 
1668 
1892 
1612 
1668 
1556 
1447 
1657 
1643 
1643 
1279 

915 
1027 
1433 
1164 
1304 
1304 
1304 

772 

660 
1052 

940 
1108 
1108 



<«H S 



r 






n 

02 



288000 

rope broke, 

3222651 

202148^ 

268554II 

21404211 

437500 



3320SU 

6777841 

650309| 

5136711 

457734} 

6640624 

H50309| 

650309i 

6777341 

464848} 

4677344 

5703124 

5703124 

628906| 

5825191} 

378418 

378418 

3144584 

405761}} 

890625 

431640} 

322265} 

3222651 

2116401 

1582034 

4179681 

3644534 

377539^ 

417968} 



1867 ^ 
the piece little injured. 



1661 
1058 
1561 
1473 

2261 

2037 
8850 
3481 
8303 
3568 
2696 
2606 
2956 
2562 
2606 
2431 
2261 
2589 
2667 
2567 
1967 
1480 
1604 
2239 
1820 
2087 
2087 
2037 
1206 
1031 
1644 
1480 
1731 
1731 



ISpedmena sup- 
plied by W. Wi- 
thers, Esq. 

Very fine specimen ; 
been in store two 
years, 
been in sfore 16 years. 



This timber was 
sent from Ber- 
bice by Captain 
Gippa, &.E. 



From a rery fine 
timber long in 
store. 

A long time in 
store, very dry ; 
the same tree. 



Dry, and of the 

same plank. 
Dry, and of the 
f same tree. 

}Dry, and of the 
same deal. 
Dry, and of the 
same deal. 



} 



Note»—ln these experiments the bearing distance was 50 inches, and the bars 

2 inches square. 

Experiments on the Strength of Bent Timber, 

103, In naval architecture it is always necessary to make use 
of a great quantity of bent timber. This, as far as can be done, is 
selected out of natural grown pieces, as nearly as possible of the 
required form, and is commonly known in the dockyards by the 
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term ccrm/pasa timber, which was formerly contracted for at a 
higher rate than that of straight growth ; but both compass and 
straight timber is now, I believe, sent in at the same price. The 
great caU for the former, however, during the war, rendered it very 
scarce, and much time and labour were employed in examining 
the stacks, in order to select pieces proper for each required 
purpose ; and as the pieces, when they could be obtained, gene- 
rally exceeded the requisite dimensions, much was necessarily cut 
away, and a great difference was always found between the first 
and the converted contents : the pieces were also, frequently, very 
much grain-cut, which necessarily diminished theii' strength very 
considerably. 

These inconveniences, and particularly the great difficulty in 
obtaining compass timber, led Mr. Hookey, at that time master 
boat-builder in Woolwich Dockyard, but now assistant builder, to 
extend a method which he had long practised for bending boat 
timbers, to the bending of the largest ship timbers ; and having 
obtained permission to have a machine constructed for the pur- 
pose, it was foimd to answer every possible expectation that could 
be formed of it ; the largest timbers, viz., pieces 18 inches square, 
being brought to any required curve in about fifteen minutes 
after being placed upon the machine : a description of which, in 
its original state (but it has since received some improvements), 
may be seen in vol xxxii. of the " Transactions of the Society of 
Arts.'' 

The method of preparing the timber is as follows : a fine saw- 
cut is made from one end, or both, according to the form into 
which the timber is to be bent ; the length of it being also diffe- 
rent^ according to the length of the piece and the degree of 
curvature : but commonly, in a curve the height of which is about 
^th or Jth of the whole length, the saw-cut from each end is about 
ird of the length. The piece is then boiled for some hours, 
depending upon its lateral dimensions, and placed upon the 
machine, when the screws, &c., being appUed, the required curva- 
ture is obtained, as above stated, in about twelve or fifteen 
minutes ; afber which it is screw-bolted, and is then ready for use. 
The reader, by referring to figs. 7 and 7a, Plate III., will readily 
understand the above description ; these figs, representing the 
fragments of two pieces bent for the following experiments. It is 
only necessary to observe, that the keys K, K, and K, are no part 
of the origin^ plan ; but were suggested during our experiments. 

The advantages attending this method of bending timber for 
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the purposes of ship-building, are, 1st, That it dispenses with the 
use of compass timber, should it again become very scarce ; and 
therefore no impediment would arise to the service, if the neces- 
sary quantity of timber of this kind could not be in any way 
procured. 2dly, It saves a deal of the time and labour necessary 
for unstacking and restacking piles of timber, to procure pieces of 
requisite compass ; any piece of the proper length and squarage 
being at once available with the application of the machine. Sdly, 
It saves a great quantity of timber, which is necessarily cut to 
waste in bringing compass timber to its required dimensions ; the 
conversion, in some cases, taking away a considerable part of the 
original contents ; while, in bending timber, the original and con- 
verted contents are nearly the same. But, notwithstanding these 
recommendations in its favour, there appears to be a prejudice, 
well or ill founded, against the adoption of it, and some objections 
have been oflfered to the practice ; the firat of which is, that boiling 
the timber, and the strain impressed upon it, have a tendency to 
weaken the pieces, and, consequently, the ship into which such 
timbers are introduced : and, secondly, that the bolts are not 
suflScient to keep the two parts in a proper degree of contact, so 
as to prevent the introduction of damp and moisture. The latter 
point must be left to the decision of the practical builder ; but 
with regard to the strength, this may be otherwise determined, 
and I therefore solicited permission of the Navy Board to be 
allowed to make experiments on bent pieces of natural growth, 
grain-cut, and others, bent on the principle of Mr. Hookey, and 
the results of these experiments will be seen in the following 
Table: from which it will appear, that, taking the medium 
between the natural grown pieces and those which are partly so 
and partly grain-cut, no defect in point of strength will be found 
on the side of those bent upon the above plaa I also wished to 
try what effect boiling and steaming timber had upon the ultimate 
strength without bending ; the account of which is given in my 
third Keport, from which it appears, that although there is an 
obvious falling off in the strength of those pieces boiled for a long 
time, the defect is very small while tiie boiling or steaming is not 
continued beyond the proportion of an hour to an inch in thick- 
ness, which is the usual practice in the dockyard. 
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(Oopy of a tiepwi ira/nnMUed to ikt BonouirabU the Principal Qfieer9 and Com' 

mis9ioner9 of His MaQutf^t Navy; eoniaining) 

104. Eg^pertmenii <m the Strength of Bent Oak Seantlinffi : let. Of Natural Growth ; 
2ndly, Chrain-eut; and ^dly. On those bent according to the Plan of Mr. 
Sookey. The latter ndth a saw-cut, cmd without it. Also the former of these 
with and without keys. 

Note, — The pieces were eaeh 6 feet long and 2 inobes aqnare, but they were broken on 

props 5 feet apart. 



t. 



"8 

o 



a 



Nature of the pletes. 



5 



a 



\a 



i 



QD 



f 



II 
II 



Strenflrth computed 
from the formula 

a IW 8oc« A 

B sa • 



1 

2 

8 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 



Natural growUL 

Do. 

Do. 

Do. 
Ghain-ont. 

Do. 

Do. 

Do. 
Bent whole. 

Do. 
jSaw-kerfy bnt no 
I keys. 

I Saw • kerf, with 
\ square keys. 
I Saw - kerf, with 
{ eyUndrical keys. 



np 


6 


804 


680 


- 2 


up 


8 


820 


764 


— 


down 


6 


822 


768 


10 


down 


8 


874 


762 


18 


up 


74 


980 


605 


- 8 


up 


8i 


830 


568 


- 2 


down 


74 


938 


546 


10 


down 


?t 


840 


550 


10 


up 


798 


667 


- 1 


down 


74 


810 


617 


18 


up 


84 


886 


537 


+ 2 


down 


84 


856 


517 


15 


up 


84 


754 


712 


+ 2 


down 


84 


782 


662 


14 


up 


6 


878 


717 


+ 5 


down 


6 


873 


762 


12} 



1812 
1504 
1600 
1647 
1161 
1122 
1137 
1146 
1314 
1353 



1407 
1470 
1447 
1657 



Note 1. —The last defieetion, baring the sign plus + pre6xed, indicates that the pieces 
arched so many inches the contrary way before breaking ; and those marked minus — , 
wanted the number of inches following, of coming down to the lerel of the props. 

Note 2. — The pieces laid with the arch up were necessarily supported by the outside of 
the props ; these, therefore, must be considered as being broke at 5 feet 8 inches, which 
was the distance from the outside of one prop to that ofthe other ; and this is the case 
eren where the pieces bent the contrary way ; for, notwithstanding the middle of the 
piece came below the props, the half-lengths were still sufficiently cur?ed to throw the 
principal bearing on the outside. 

< 

In each of the figs. 7 and 7a, Plate III., A B C D represents a 
fitigment of the scantlings ] a a, bb,c c, the screw bolts, and m n 
the saw-cut ; which latter is 2 feet, or one-third the length of the 
piece. In fig. 7, K represents the form of the key, which was of 
oak, 1 inch long and ^ an inch deep, let in ^ of an inch into each 
part ; and in fig. 7(i, K and K are copper bolts, of ^-inch diameter ; 
which, therefore, also laid ^ of an inch into each part ; and in 
both figures the keys passed through the whole thickness of the 
scantling. 

The idea of this mode of keying was suggested in our first 
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experiments on pieces of this description ; viz., Nos. 11 and 12, in 
which it was found that the screw-bolts were not sufficient to pre- 
vent the part above and below m n from sliding upon one another. 
This defect may not have place when pieces of this kind are intro- 
duced into a ship, in consequence of the number of tree-jnails with 
which the futtocks are pierced, which have necessarily a tendency 
to prevent that slipping of the parts noticed above. But, even in 
this case, I am convinced that considerable sti&ess would be 
gained by keying the pieces after the manner of fig. 7a, where it 
may be observed that hard wood, as sound oak or lignum-vitae, 
would answer equally as well as copper bolts ; and farther, that as 
the neutral axis in any section of fracture is generally at about 
fths of the depth, there would be no loss of strength in the piece, 
provided the key did not exceed Jth of the whole depth. 

N.B. Meftn ■trength 1 1"^' ]'^ \ ?' h "i^t""^ growth, 748 ) 
«.xj. ja««a mwws^a j jj^^ jg^ ^^ ^^^ j^^ ^^^ ^^ keyed, 718 J 

Additional JEosperiments, 

106. In order to form a comparison between the strength of a 
piece of timber bent upon Mr. Hooke/s principle, and a straight 
piece in its natural state, two pieces were formed from the same 
scantlings having been only parted by the saw ; the bent piece was 
brought to a curve of 9 J inches, and keyed, as in fig. 7a, Plate III. ; 
the two pieces were then broken at the same distance, viz., 6 feet ; 
their other dimensions being also the same as those above. The 
results of these experiments are as follow : 



^*b^^ ^'T '*°! deflected 54 inehes ; broke with W lbs. 
Bent to a curve of 



94 in. arch down 









deflected to 144 lAohee ; broke with 727 Vtm. 



By a comparison with all the above results, we obtain the fol- 
lowing proportional breaking weights, viz. : 

Natural growth 743 Iba. 

Bent on Hookey's principle, and keyed . . . 718 

Bent, without a saw-cat 632 

Grain-cut 562 

Bent on Hockey's plan, without keys • . .517 
Straight, and in natural state, deduced from the | ^g^ 
results of the 2nd specimen of the first Report . { 

Note. — ^In comparing the first two of the aboTe numbers with the last, it should be 
remembered, that altboagh the former were broken with less weight, it does not indicate 
a less degree of strength ; the same weight producing a greater strain upon a bent than 
upon a straight piece, proportional to the secant squared of the angle of deflection. 

To the Hon, (he Prigicipal Officers and Commiseionere 
tf Hie Majeei}fs Navy* 
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(Copy of a Report trarumiUed to the ffanourahU the Pnneipal Qffieer9 and Com- 

misiioners of His Majettjft Navy ; containing) 

106« SxpervpMnU on the Streng^ of Oak Timber^ in ita natural state^ compared with 

eimHar pieces boiled and steamed for d^ferenl periods. 

Notc-^The following pieces of oak were all cut from the same log, the mean speclfie 

grafitj of wM^ was 822. 



I 



Boiled or 
steamed. 



I 









f 



is 



IS 



Breaking 
weight 



Mean 

breaking 

weight, 

lbs. 



1 
2 
3 

4 
5 
6 
7 
8 
9 

10 
11 
12 
18 
14 
15 
16 



Natural state 
Natoral state 

Steamed 

Steamed 

Steamed 

Steamed 

Boiled; 

BoUed 

BoUed 

Boiled 

Boiled 

Boiled 

Boiled 

Boiled 

Boiled 

BoUed 






e 


2 


•425 


6 


722 





6 


2 


•500 


.6'5 


617 


5 


6 


2 


•450 


6 


617 


6 


6 


2 


'425 


7*0 


722 


10 


6 


2 


•480 


6 


662 


10 


6 


2 


•475 


5 


567 


2 


6 


2 


•500 


5 


567 


2 


6 


2 


•425 


6-5 


662 


4 


6 


2 


•462 


7-5 


662 


4 


6 


2 


•525 


4 


567 


6 


6 


2 


•550 


6-0 


597 


6 


6 


2 


•425 


5 5 


582 


8 


6 


2 


•475 


5*5 


647 


8 


6 


2 


•500 


7-0 


682 


10 


6 


2 


'560 


55 


567 


10 


6 


2 


•500 


6 


647 



669 
669 
614 
614 
614 
589 
639 
607 



Nofl. 17 and IS, bent and keyed on Hookey'a plan, part of the same log, and broke 
at the same length, vis. 6 feet ; and the same sqnarage, viz. 2 inches. 



17 
18 



Boiled 
Boiled 



3 hoars 
3 hours 



1st eunre 10 in. 
1st curre 10 in. 



Arch np. 
Do. down 



Breaking weight, 632 
Breaking weighty 686 



To the Hon, the Principal Officers and Commissioners 

of His Majesty* s Navy, 

There is not in the above experiments that degree of uniformity 
that we might have expected, considering the pieces were all cut 
from the same log. It should be observed, however, that the two 
experiments, 11 and 12, ought not to^be considered as equally con- 
clusive with the others, as they each broke at a knot about 6 
inches from the centre of the beam. 

Rejecting these, therefore, there appears, generally, to be a 
slight loss in strength from boiling and steaming ; but it is not 
very perceptible while that process is not continued beyond the 
time usually allowed in the dockyards. 

In several experiments which I made on pieces boiled only for 
two or three hours, there was no apparent defect in strength ; 
some of them even exceeding, and others falling a little short of, 
similar unboiled pieces : but as they were not all from the same 
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timber, they would not, probably, be thought conclusive if they 
were detailed ; on which account they are omitted. 

On Trussed Oirders. 

107, We shall now conclude this course of experiments with 
the four following, on girders, trussed and plain : the two former, 
viz.. No. 1 and No. 3, were very accurately made, and constructed 
on a scale of 2 inches to the foot, *from the drawing given by 
Nicholson (Plate XXXIX., " Carpenter's New Ouide ") ; the 
former being supposed to denote a 34-feet, and the other a 25-feet 
girder. 

On the Diction and Strength of Oirder$f trueted and plain. 



til 



I 



S ^ 







s 



n 



Si 



it. In. 



5 8 



ft. In. 



2 



ft. in. 



If 



rioo 

200 
J 300 
I 400 

450 

Uoo 



•85 
•67 
1-05 
1-47 
1-75 
2-25 



TnuM in 8 pieces; length 
of centre piece 1 ft. 6 in. 
Distance of extreme bat- 
ments 4 ft. 10 in., 2 
king-bolts, 2 plate-bolts, 
and 5 screw-bolts. 



2 



6 8 



2 



II 



^100 
200 
800 
400 
450 
500 



•80 

•60 

•90 

120 

185 

1-55 



Without a tmss. 



8 



4 2 



2 



IJ 



rlOO 
200 
400 
600 

-1700 
748 
808 
908 

L958 



■15 
•80 
•57 
•87 
•20 
•80 
•45 
•50 



broke 



Trass in 2 pieces ; distance 
of extreme bntments, 
8 ft. 4 in. 1 king-bolt, 
2 plate-bolts, and 4 
screw-bolts. 



4 2 



2 



11 



i 



^100 
200 
800 
400 
500 
600 

L717 



•16 

•27 
•41 
•67 
•77 
1-00 
broke 



Without a tmss. 



Nos. 1 and 2 were not broken in the experiment ; bnt it appears that the trossed beam 
was the weakest ; or at least it gare the greatest deflections. The wood of No. 1 was 
certainly inferior to the nntrussed beam, but still it was to have been expected that the 
trusses would have been more than equivalent to the difference in the former respect ; but 
as it was not, the experiment seems to indicate that there is but little efficacy in a truss 
of that description. 

The trusses of No. 8 came fairly into action with each other, and certainly added very 
considerably to the resistance of the girder. 
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On the Resistance to Pressure. 

108. Besides the two kinds of strains, i.e,, the tensile and 
transverse strains, to which timber is exposed in building and 
machinery, there is another of considerable importance to which 
we have only at present very slightly referred, and this is the 
strain that pillars, columns, &c., have to sustain when supporting 
weights in a vertical position ; and it must be admitted that it is 
one less supported by theory and experience than any other 
branch of the general subject of strength and resistance. It has 
indeed been found experimentally, according to Mr. Tredgold, 
in his "Treatise on Carpentry," "that when a piece of timber 
is compressed in the direction of its length, it yields to the 
force in a different manner according to the proportion between 
its length and ai'ea of its cross section ;" and that in case of a 
cylinder whose length is less than seven or ^eight times its 
diameter, it is impossible to bend it by a force applied longitudi- 
nally, as the piece is destroyed by splitting before the bending 
takes place ; but when the length exceeds this, the pillar will bend 
under a certain load and be ultimately destroyed by a similar 
kind of action to that which has place in the transverse strain. 

109. Crushing/ force, — A few experiments have been made on 
the resistance which different woods offer to a crushing force when 
their length is inconsiderable, principally by M. Rondelet, in his 
''Art de Bdtvr,^'* and by George Rennie, Esq., in the " Philosophical 
Transactions" for 1818 ; but unfortunately the results differ very 
widely from each other. 

According to M. Bondelet, it required a force of from 5000 to 
6000 lbs. to crush a piece of oak of 1 inch base, and from 6000 to 
7000 Ifos. to crush a similar section of fir ; whereas Mr. Bennie 
gives the following specific numbers, which are so much less than 
the former in the two cases which admit of comparison, as to 
throw considerable doubt on the subject. 

Mr. Bennie's results are as stated below : 

Bom 1 inch tquwre,—! inch in height. 

Blm, eraahed with 1284 Ibt. 

American pine 1606 

White deal 1928 

Bngliiihoak 8860 

Do., length 4 inches, same base . .5147 

African oak, base 3 in., aide length 81 in., . 60480 
Or 6720 per aqnare inch. 

This seems to prove that the resistance increases in a much' 
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higher ratio than the area, but without further experiments it is 
impossible to derive any general rule. 

HO. Resistance of columns to flexure, — This is the most im- 
portant question connected with the inquiry, but it is, like the 
former, one on which few experiments have been made, and in 
which little has been derived from theory, although it has 
engaged the attention of some of the most distinguished mathe- 
maticians of the last and present centuries. Experiments on this 
subject are, as we have said, very few indeed ; those given by M. 
Girard, in his " Traits Analytique de la Resistance des Solides" 
are the only ones of any importance to which we can refer, and the 
results in these are by no means so uniform as might be desired. 

The following is an abstract from M. Girard's fii'st and second 
Tables. Table I. contains the results of his experiments on the 
vertical pressure of oak beams. The first column contains the 
number of the experiment ; the second, the dimensions and specific 
gravity* of the several pieces ; the third and fourth, the height 
from the bottom to the point of greatest curvature ; the former in 
the direction of the least thickness, and the latter in that of the 
greatest. The fifth and sixth exhibit the measure of the greatest 
deflection ; the former in the direction of the least, and the latter 
in that of its greatest dimension : the seventh column shows the 
several weights Tinder which those deflections were observed ; the 
eighth, the time from the commencement ; and the ninth contains 
remarks, &c. 

We have only shown the effect of four different weights for each 
beam; but the author himself has in some cases employed ten, 
twelve, or more different pressures, measuring the deflection, &c. 
for each ; but as it was thought unnecessary to follow him through 
the whole, the results of his first two and last two charges in the 
first eighteen experiments have been given. Those columns also, 
which M. Girard has drawn from computation founded on his 
theory, are omitted. 

Table II., which is an abstract from the author s second Table, 
contains the results of his experiments on the transverse deflection 
of such of the beams as were not broken in the experiments above 
referred to : they were supported at each end at different lengths, 
and in different positions, viz., first with their greatest thickness 
vertical, and then with their less. 

* M. Ginrd giyes only the weight of the pieces ; but we hare preferred ehanging the 
weights into the specific grarities, as famishing a readier means of comparing one piece 
with another. 
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The fonnulsB M. Oirard employs to compute the weight under 
which a piece of timber ought to begin to bend when pressed 
vertically, from the deflection being given, when charged with any 
weight horizontally^ are as follow : 

Let P represent half the weight when the piece is charged 
horizontally in the middle, and b the corresponding deflection ; /, 
half the length of the piece, and tt, the semicircumference of a 
circle to diameter 1. 

Then-r—- = ahaolvie elasticity. 

And Q s= -j^ = the weight 

imder which the same piece will begin to bend when the pressure 
is vertical 

py 

If, therefore, for the same depth and thickness, -—— were con- 
stant, the weight Q, under which a piece begins to bend, would be 
inversely as the square of the length : but M. Girard finds -r=y- 

nearly as the lengthy or as /; and consequently Q varies, cast&ris 
parihuB, as / inversely. 

The formula given by Dr. Young in his " Natural Philosophy," 
differs firom this. See Frob. vi. Art 115. 

Note, — ^In the following Table, where two heights and two versed 
sines are connected by a { with one weight, it shows that the piece 
bent in two places, in opposite directions. 
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TABLE L 

111. OirarcPi ExptrimejU* on ike Vertical Prenure and Reeietanee of Oak Beams 

or Oolwnns. 



5 

g 

I 

a 

H 

9 



8 



6 



8 



Dimauiona 

and 

specific gravity of 

thapiecea. 



9 



Hetrea. 
Length 2*5979 
Breadth 0*1580 
Thickness 1285 
Sp. gr. 1088 

Length 2*5979 
Breadth 1624 
Thickness 0*1060 
Sp. gr. 984 

Length 2*5979 
Breadth 0*1579 
Thickness 0*1050 
Sp. gr. 1010 

Length 2*5979 
Breadth 0*1880 
Thickness 0*0992 
Sp. gr. 1000 

Length 2*5979 
Breadth 0*1808 
Thickness 1060 
Sp. gr. 928 

Length 2*2731 
Breadth 0*1556 
Thickness 0*1808 
Sp. gr. 920 

Length 2*2781 
Breadth 0*1579 
Thickness 0*1285 
Sp. gr. 973 

Length 2*2781 
Breadth 0*1556 
Thickness 0*1088 
Sp. gr. 972 

Length 2*2781 
Breadth 0*1579 
Thickness 0*1015 
Sp. gr. 926 



Height of the 

greatest curva- 

tiire tFom the 

foot 





Versed aine of 
{greatest 
curvature. 



III 




I 



ROCABKS. 



JleurOB* 

1 *0689 



1 *1907 
0*9742 



0*6495 
1*9484 
1*7861 
1*6287 



1*2989 
1*2989 
1*2989 



1*2989 
1*2989 



1*2989 
1*2989 
1*4618 



1*6237 
1 -6237 
1*2989 
1*2989 

1 -6237 
1*6237 
1 6287 



1*4613 
1*2989 



Uetrea 
1*2989 



1*2989 



}::: 



1*2989 
1*2989 
1*2989 



1*1866 
0*9742 



1*1366 
1*1366 
1*2989 



0*9742 
0*9742 
1^989 
1*2989 

1*2989 
1*2989 
1-2989 



1*2989 
1*1366 



Metrea. Metrea. 
-0068 



0070 
•0090 
■0113 

0056 
0068 
•0068 1 
•0068/ 

•0023 \ 
■0017 J 
■0113 
0282 

■0113 
•0180 
■0497 



-0169 
■0372 



•0028 
0028 
•0090 



•0040 
•0040 
•0169 
*0186 

*0062 
*0096 
•0181 



•0068 
■0124 



•0068 
*0090 
'0090 

'0045 
*0079 

•0135 



•0079 
-0124 
*0124 



*0068 
•0118 



•0045 
*0045 
*0084 



•0040 
•0040 
-0045 
•0090 

•0034 
•0084 
*0045 



*0068 
-0045 



17820 
29691 
37429 
42418 

11993 
25664 

42514 



11991 

28575 
31339 

11993 
17841 
22939 



11996 
17841 
22981 



28619 
38115 
47073 
52270 

22934 
28612 
47047 
47032 

17820 
22986 
28616 
83120 

17821 
22940 
26626 



0*83 
2*08 
2*91 
9-58 

2*50 
9 16 

10 83 



0-83 

9*58 
10-41 

6*66 

8*38 

10*00 



6-66 
8*88 
8*75 



9-58 
16-66 
19-58 
22*50 

2*08 

2-91 

20*83 

23*83 

12-08 
12*91 
18*75 
13-95 

12 08 
12*58 
14*50 



Beoorered 

its first 

form. 



i Broke nnder 
the last 
weight. 



Beoovered 

its first 

form. 

Did not 
recover its 
first form. 



Broke under 
the last 
weight. 



Broke under 
the last 
weight. 



Beeorered 

its first 

form. 



Broke under 
the last 
weight. 

Broke vnder 
the last 
weight. 
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TABLE J.^(oontinued). 



a 

I 



6 
^ 



Dimensions 

and 

q;)eciflo gravity of 

the pieces. 



Height of the 

greatest cunra- 

ture from the 

foot. 



Versed sine of 

greatest 

curvature. 



I 












. o 



5§ 

053' 



2 2-3 




■3% 



3 
I 



i 

.4 



BSMARKS. 



10 



11 



12 



13 



14 



15 



16 



17 



18 



Metres. 
Length 2*2631 
Breadth 0-1262 
Thickness 0*1015 
Sp. gr. 1038 

Length 1'94<^4 
Breadth 0'1556 
Thickness -1330 
Sp. gr. 1102 

Length 1'9484 
Breadth (M579 
Thickness 0-1308 
Sp. gr. 935 

Length 1-94S4 
Breadth 0*1579 
Thickness 0*1015 
Sp. gr. 987 

Length 1*9484 
Breadth 0*1601 
Thickness 0*1015 
Sp. gr. 1035 

Length 1*9484 
Breadth 0-1830 
Thickness 0*1060 
Sp. gr. 1032 

Length 1 9484 
Breadth 0*1285 
Thickness 0*1082 
Sp. gr. 993 

Length 2*2731 
Breadth 01579 
Thickness 0*1082 
Sp. gr. 920 

Length 2*5979 
Breadth 1579 
Thickness 0*1353 
Sp. gr. 916 



I 



Metres. 
1-4613 
1*4613 
1*4618 
1*2989 

0-9742 
0*974> 
0-9742 



0*9742 
0*9742 
0-6495 
1-6237 

0-6495 
0-6495 

0-6495 



1*4613 
1*4613 
1-6237 



1-2989 
0-974? 
1 -6237 
0-3247 

0*9742 
0-9742 
0-6495 
0*2435 

0*6495 

1 *6237 
1-4613 

0*9742 
0-9742 

1-6*237 



Metres. 
1-1366 
0*9742 
0*9742 
0-9742 

0-9742 
0*9742 
0-9742 



} 



0-9742 
0-9742 

0-9742 



0-6495 
0-6495 

0*6495 



0-9742 
0*9742 
1-2989 



} 
} 



0*6495 
0-6495 

1*4342 



0*9742 
0-9742 

0-6742 



0*9742 
0-6495 
0*9742 
0-9742 

1*2989 
1-2989 

1 '2989 



Metres. 
-0079 
-0079 
•0113 
-0135 

•0046 
•0045 
•0051 



{ 
{ 



•0079 
•0079 
-0068 
-0023 



•0045 
-0062 
-0068 
-0023 

*0046 
•0045 
•0113 



{ 

{ 



•0056 
•0051 
•0068 
•0011 

•004f. 
•0056 
•0045 
•0011 

•0029 

-0056 
-0113 

•0051 
•0068 

•0146 



Metres. 
•0062 11999 10^00 
•0O62'l6O25 12-Pl 
•0062 17820 22 91 
•0068 20326 25*83 



•0079 17321 
•0090 22940 
•0101 33105 



7^08 
10 00 
26-66 



896f4'27-50 
22940'20*00' 



} 
} 



... 133128 
-0146139637 



•0056 17321 
•0068 22939 



•0108 



39456 



25-00 
27-91 



2 
3 



■08 
■88 



•0040:il973 



-0045 
•0090 



-0045 
•0045 

0118 



17274 
28509 
32996 



33*33 

10-00 
27^50 
40-41 
50^41 



17294.10*00 
2*2899 -28 -33 



46952 86-66 



} 



I •OISS 37273 92^50 



•0056 11998 18-83 
•0079,17317 2000 



•0028 
•0034 
•0046 
•0051 

•0034 
•0066 

•0079 



119981000 
17320 20-00 
33120 52-50 



3U6S0 



57^50 



11999 10-00 
17321 20 00 

37305 50-83 



Recovered 

its first 

form. 



Recovered 

its first 

form. 



Recovered 

its first 

form. 



Broke under 
the last 
weight. 



Recovered 

its first 

form. 



Broke ander 
the last 
weight. 



Recovered 

its first 

form. 



Broke nnder 
the last 
weight. 

H 
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TABLE II. 



CfirarcPi Experiments on the Deflection of Oak Beams, vihen supported at the ends^ and 

loaded in the middle of their length, 

Nf^^ — These Beams vere the same as those in the preceding Table. 



t. 


Dimenaions in 




6 
^8 


II 


• 




?4 


metres, 


and 


Deflectio] 
metrei 


J^B 


Absolute ela 
computed 


o 






No. of € 
men 


speci&o gravity of 
the pieces. 


Weight 
gram 


90 

• 


RmfAnss. 


• 


, 


Length 


2-6978 


•0180 


1884 


38250 


\ 




1 j 


Depth 


•1579 


•0238 


2379 


36524 


These two experi- 




Breadth 


•1286 


•0238 


2932 


87876 


ments were per- 




( 


Sp. gr. 


1038 


•0373 


8467 


83964 


formed on the 
same piece of 




/ 


Length 


2-2731 


•0168 


1884 


29174 


wood, which wa* 




^% 1 


Depth 


•1679 


•0216 


2396 


27266 


also the same as 




1 


Breadth 


•1286 


•0248 


2930 


28909 


No. 1, first Table. 




( 


Sp. gr. 


1038 


•0300 


8470 


28304 


/ 




/ 


Lengih 


1-9484 


•0045 


1882 


64461 


\ 




8 j 


Depth 


•1679 


•0056 


2393 


66864 






Breadth 


•1285 


•0113 


4007 


64634 






( 


Sp. gr. 


973 


•0163 


4542 


46744 






( 


Lengih 


1-6287 


•0056 


1877 


29898 


These were all the 




,) 


Depth 


•1679 


•0068 


2388 


31312 


. same piece of 
wood, vis., No. 7 




M 


Breadth 


•1286 


•0119 


4976 


87288 




( 


Sp. gr. 


973 


•0141 


6612 


84844 


of the first Table. 




( 


Length 


1 -6287 


•0056 


1876 


29877 






K.) 


Depth 


•1286 


•0079 


2388 


26963 






\ 


Breadth 


•1679 


•0119 


3463 


34313 






( 


Sp. gr. 


978 


•0168 


4000 


29978 


/ 




I 


Lengih 


1^9484 


•0090 


1874 


82101 


\ 




«) 


Depth 


•1679 


• -0135 


2386 


27228 




■ 


J 


Breadth 


•1016 


•0271 


8786 


22669 






( 


Sp.gr. 


987 


•0316 


4619 


22088 


This piece was No. 




( 


Length 


1-9484 


•0136 


1874 


21396 


IS of Table I. , 




' 


Depth 


•1016 


•0226 


2383 


16313 






Breadth 


•1679 


•0271 


2919 


16600 






( 


Sp. gr. 


987 


•0474 


3448 


11212 


/ 




( 


Lena;th 


1-9484 


•0168 


1871 


18257 


1 




fl) 


Depth 


•1330 


•0180 


2380 


20381 






1 


Breadth 
Sp. gr. 


•1060 
1032 


•0282 


2917 


16942 


This piece was No. 


1 


[ 


Length 


1 -9484 


•0232 


1870 


12437 


16 of Table I. 




• 


Depth 


•1060 


•0893 


2916 


18267 






Breadth 


•1380 










' 


( 


Sp. gr. 


1032 








/ 





* P «* half the charge, / half the length, and b the deflection. 
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PRACTICAL PROBLEMS. 

Solution of Practical Problems, 

112. Having in the foregoing pages established the requisite 
data and formulsB for determining the dimensions of beams under 
every variety of transverse strain, it is proposed to give a few 
examples by way of illustration, in which I shall confine myself to 
the woods given in the preceding Table of Data ; these having 
been carefully selected, and the experiments made with this 
particular object. The numbers for direct cohesion are drawn 
from Art. 14. 

PEOBLBM I. 

To determine the Strength of Direct Cohesion of a piece of 

Timber of any given Dimensions, 

Rule. — Multiply the area of the transverse section, in inches, by 
the cohesion per square inch. Art. 14, and the product is the 
strength required. 

In practice, the weight the timber has to support should not 
exceed one-fourth of the strength as calculated by the rule. 

Example i, — ^What weight will be required to tear asunder a 
piece of teak 3 inches square ? 

In this case the tabalar valae is . 15000 

The area of the section 3x3= . . 9 



The veight reqnired . . . 135000 lbs. 

Example n. — ^The diameter of a rod of ash being 2 inches, and 
its specific gravity 700, what weight will be required to tear it 
asunder ? 

The tabular valae is ... . 17000 
The area of the section 2 x 2 x 7854 = 8*1416 



Theprodact. . . 53407 '2 lbs. 

Note. — If the weight be given and the area of section required, 
it is only necessary to divide the given weight by the tabular value 
of cohesion. 

PBOBLEH II. 

To find the Strength of a Rectangular Bea/m of Timber, fvxed 

at one end and loaded at the other. 

Rule. — Multiply the value of S, in the Table of Data, by the 
area, and the depth of the section in inches, and divide that 
product by the leverage in inches, and the quotient will be the 
weight required in lbs. 

H 2 



/ 

i 
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Note 1. — In case the beam is inclined, the leverage is the dis- 
tance I L, or F' L\ fig. 6, Plate III. When the beam is horizontal, 
the leverage is usually called the length. 

Note 2. — In practice, the load ought not to be greater than one- 
fourth of the weight found by the rule ; for permanent stretchmg 
or displacement of the fibres begins to take place as soon as the 
load exceeds about one-fourth of the breaking weight. This will 
be perceived by comparing the weights which the specimens bore, 
without loss of elasticity, with the weights that broke them, in the 
Table of Data. 

Note 3. — If the load be distributed in any manner over the 
length of the beam, the horizontal distance between the point of 
support and a vertical line drawn through the centre of gravity of 
the load, must be taken for the leverage. 

Exa/nvple i. — ^A beam projecting 5 feet over the point of support, 
is 6 inches deep and 4 inches in breadth of Riga fir, and is 
intended to support a load at its extremity ; it is required to 
determine the greatest load it would bear, and the load it may be 
exposed to without injury. 

For Riga fir, S = 1108, and the area being 6 x 4 = 24, the 
depth 6 inches, the leverage 5 feet = 60 inches, we have 

^ — ^ — = 2659*2 lbs., the greatest or breaking load; and 

2659 '2 

— ^ — =664*8 Iba for the load it would bear without injury. 

Exa/nvple ii. — ^A cistern to contain 36 cubic feet, or one ton of 
water, is to be supported by two cantilevers : the projection of the 
cistern from the face of the wall being four feet, it is required to 
determine the size for the cantilevers. 

Let the cantilevers be of larch, such as the 3rd specimen, then 
we find by the Table of Data, S = 1127, and the depth 5 inches. 
The Joad on them will be 1 ton = 22401bs., and the weight will be 
uniformly distributed over the length ; therefore, the distances of 
the centre of gravity from the wall will be half the length, or 2 
feet = 24 inches, which is the leverage. This is the reverse of the 
preceding operation, on account of the weight being given. 

l^2l\ 5 = ^'^* inches, nearly, for the area of both cantilevers, 

or — - = 4*77 inches for the area of one of them ; and if the 

section be rectangular, the depth being 6 inches, the breadth will 
be '954 inch for each cantilever. 
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PROBLEM III. 

To determvne the Strength of a Rectangular Beam of Timber 
when it ia supported at the ends, a/ad is loaded in the middle 
of its length. 

Rule. — ^Multiply the value of S, in the Table of Data, by four 
times the depth in inches, and by the area of the section in inches, 
divide the product by the distance between the supports, in inches, 
and the quotient will be the greatest weight the beam will bear in lbs. 

Note 1. — If the beam be not horizontal, the distance between 
the supports must be the horizontal distance. 

Note 2. — One fourth of the weight found by the rule should be 
the greatest weight upon a beam in practice. 

Note 3. — If the load be applied at any other point than the 
middle, it will be as the rectangle of the segments, into which the 
point divides the distance between the supports, is to the square 
of half that distance ; so is the weight found by the rule, to the 
weight the beam will sustain at the given point. 

Note 4. — If the load be distributed in any manner whatever 
over the beam, the centre of gravity of the load, must be considered 
its place, and its stress equal to the whole weight ; unless part of 
such weight be sustained by the supporting points independently of 
the resistance of the beam. 

Exanple L — ^Required the weight a beam of Riga fir, 1 foot 
square, would sustain in the middle, its length being 20 feet. 

In this case, the tabular value of S is 1108, and the depth 12 
inches, and the area 144 inches, the length 240 inches ; conse- 
quently, 

1108 X 4 X 12 X 144 



240 



- = 32010 Ibg. 



32010 

And the beam may be loaded in practice with — ^ = 8002J lbs., 

without injury to its texture. 

If the load were applied at 8 feet distance from the end, instead 
of being applied in the middle, then it would be 12 feet fi'om the 
other end ; and by Note 3, we have 8 x 12 : 10 x 10 : : 8002J : 
8336 Jbs, nearly, for the weight the beam 12 inches square would 
support at 8 feet from the end ; showing the advantage of applying 
the load as far from the middle as possible. 

Example ii. — ^To determine the size of a girder of Riga fir for a 
warehouse^ where the distance between the points of support is 18 
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feet =216 inches^ and the greatest probable stress at the middle, 
including the weight of the floor itself, 20 tons. 
The tabular number is 

8 = 1108, and 20 tons »= 44800 lbs. 

Let us further suppose that the greatest depth of the timber 
intended for the purpose is 20 inches. By reversing the rule, we 
have 

4 X 44800 X 216 ^, ,« , ^ 

TTTz — — = 21-83 inches 

1108 X 4 X 20 X 20 

for the breadth of the girder, which would be obtained by bolting 
together two pieces, each 20 inches by 11 inches ; or much better 
by putting the two pieces at the most convenient distance apart 
that would admit of both resting on the sustaining piece. 

If there be only 20 tons distributed uniformly over the surface 
of the floor, then a girder of 20 inches by 11 inches would be 
sufficient. 

PROBLEM IV. 

To determine the Dimensions of a Beam capable of supporting 
a given Weight with a given degree of Deflection, when fbced 
at one end. 

Rule, — ^Divide the weight in ibs. by the reduced tabular value 
of E,* multiplied by the breadth and deflection, both in inches ; 
then the cube root of the quotient, multiplied by the length in 
feet, will be the depth required in inches.-f' 

JEccample l. — A beam of Riga fir is intended to bear a load of 
666 lbs. at its extremity, its length being 5 feet, its breadth 4 inches, 
and the deflection not to exceed J of an inch ; required its depth. 

In this casethe tabular value of E is 192; hencejTr^i — -. r = 3'44 ; 

' '192 X 4 X I ' 

the cube root of which is 1*5096 ; hence, 5 x 1-6096 = 7*548 
inches, the depth required. 

By reference to Example l. of Prob. II. it will be found that a 
beam of 6 inches depth would be sufficient to bear the load ; but 
when, from the nature of the construction, only a limited degree { 

of flexure can be allowed, this mode of calculation becomes 
necessary. 

* The Talne of E in these rales is the tabnlar valne divided by 1728, which renders it 
unnecessary to reduce the length in feet into inches. 

For English oak^ E = 210 
For Eiga fir, £ = 192 

+ Owing to the imperfect fixing which obtains in practice, the deflection will in 
ordinary cases be greater than that gi?en by the mle, in the proportion of 1 : V^* 
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Note 1. — When the weight is uniformly distributed over the 
length of the beam, the deflection will be only fths of the deflec- 
tion from the same weight applied at the extremity, and in the 
rule consider the weight reduced in this proportion. 

Note 2. — If the beam be a cylinder, the deflection will be 17 
times the deflection of a square beam, other circumstances being 
the same. 

Note 3. — In the above examples the reduction of results to the 
differences depending on the specific gravity is not shown, neither 
is it applicable in practice ; but for theoretical comparison it is 
important, and may always be performed by stating, as the specific 
gravity of the tabular specimen is to the load suppoi-ted in any 
example, so is the actual specific gravity of the specimen to the 
load it would support under similar circumstances. 



PEOBLBM V. 

To find the Dimensions of a Beam capdble of sustaming a given 
Weight with a given degree of Deflection, when supported cut 
both ends. 

Rule, — Multiply the weight to be supported in lbs. by the cube 
of the length in feet. Divide this product by 16 times the reduced 
tabular value of E (see Note 1, Prob. IV.), multiplied into the 
given deflection in inches, and the quotient is the breadth n^lti- 
plied by the cube of the depth in inches. 

Note 1. — If the beam be intended to be square, then the 
breadth is equal to the depth, and the fourth root of the quotient 
is the depth required. 

Note 2. — K the beam be a cylinder, multiply the quotient by 
1'7, and then the fourth root will be the diameter of the cylinder. 

Note 3. — When the load producing the depression is greater 
than one-fourth of the greatest stress the beam would bear, it is 
too great to be trusted in construction ; but in timber this limit is 
seldom exceeded, on account of its flexibility. 

Note 4. — If the load be uniformly distributed over the length, 
the deflection will be |ths of the deflection from the same load 
collected in the middle. And in the rule, employ fths of the 
weight of the load instead of the whole load. 

Exa/mple i. — ^The length of the fir shaft of a water-wheel being 
20 feet, and the stress upon it 7 tons, it is required to determine 
its diameter so that its deflection may not exceed '2 of an inch. 
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The reduced tabular value of E = 192, or more exactly 16 E = 
3075, and 7 tons = 15680 lbs.; hence (by the Rule and Note 2) 

^8075^ x~-2 ~ 346730, nearly. The fourth root of this sum is 

24*3 inches, the diameter required. 

Shafts which are to be cut for inserting arms, &c., will require 
to be larger, in a degree equivalent to the quantity destroyed by 
cutting. 

The flexure of shafts ought not to exceed -y^ of an inch for 
each foot in length, this being considered the limit ; and it will be 
always desirable to make shafts as shorts as possible, to avoid 
bending. 

Examiple ll. — ^The greatest vai*iable load on a floor being 
120 lbs. per superficial foot, it is required to determine the depth 
of a square girder to support it, the area of the floor sustained by 
the girder being 160 feet, the length of the girder 20 feet, and the 
deflection not to exceed half an inch. 

The reduced value of E for Riga fir is 192, or 16 E = 3075, and 
the weight is 120 x 160 = 19200 lbs. uniformly distributed ; hence 
(by Note 4) we have 

i X 1 9200 X 20' ^^,,^ 

— '^1^^ ; ^ 62440. 

3075 X i 

The fourth root of this number is 15 8 inches, the depth required. 

TJjie deflection of Vo^th of an inch for each foot in length is not 
injurious to ceilings ; indeed, the usual allowance for settlement is 
about twice that quantity. Ceilings have been found to settle 
about four times as much without causing cracks, and have been 
raised back again without injury. 

The variable load on a floor seldom can exceed half the quantity 
of 120 lbs. on a superficial foot, unless it be in public rooms ; 
hence, the number may be taken from 60 to 120, according to 
circumstances. 

The same rule applies to joists of different kinds for floors ; the 
area of the floor supported by the joists being multiplied by from 
60 to 120 ibs. per superficial foot, according to the use the room is 
designed for. 

Example iii. — To detennine the size of a rafter for a roof to 
support the covering of slate, the distance between the supports 
being 6 feet, and the weight of a superficial foot, including the 
stress of the wind, being 56 lbs., and the deflection not to exceed 
:jVth of an inch for each foot in length. 
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The tabular value gives 

16 B = 8075, the weight = 56 x 6 = 886 Ibe. ; 

hence (by Note 4), 

8 X 3075 X 6 

If the breadth be made 2^ inches, then 

2-5 ' 

and the cube root of 39*3 is 3*4 inches, the depth required. 

PROBLEM VI. 

To determine the Dimensions of a Pilla/r or Column to bear a 
given Stress in the direction of its Axis, without sensible 
Curvature, 

Rule, — ^Multiply the weight to be supported in lbs. by the 
square of the length of the pillar in feet, and divide the product 
by 40 times the tabular value of E (Art 101), reduced as in 
Rob. IV., the quotient will be equal to the breadth multiplied by 
' the cube of the least thickness ; therefore, either the breadth or 
thickness will require to be fixed upon, before the other can be 
found.* 

Note 1. — ^If the pillar be square, its side will be the fourth root 
of the quotient. 

Note 2. — If the column be a cylinder, multiply the tabular value 
of E by 24 instead of 40. The fourth root of the quotient in the 
rule wiU be the diameter of the cylinder. 

J^ocample l — ^What should be the least thickness of a pillar of 
oak to bear a ton without sensible flexure, its breadth being 3 
inches, and its length 5 feet ? 

* The rale is derived as follows : — The force /, which a oolamn will bear without 
sensible flexure is 

/«-8225~^;andm=y^ 
(see Dr. Tonng^s Nat. Phil. ii. pp. 47, 48) ; henoe, when 2 is in feet, we have 

/ = But we have W = -— ; 

39-48 R o d» 



consequeDtly, / = 



P 



In the mle the number 40 is used for 89-48. If the above expression be divided by 1 '7, 
it becomes a rale for a cylinder, 

1-45 08 Ed* . 1-5 Ed* ... y., 

QP — -ji = /i or -^ — aa /, for simplicity. 
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The reduced tabular value of E for oak is 210, and 1 ton 
2240 ibs. ; hence 

2240 X 5« 



40 X 210 X 3 



« 2 •222. 



The cube root of 2222 is 1*31, nearly, which is the side as 
required. 

Example ii. — Required the side of a square post of Riga fir to 
support 10 tons, the pressure being in the direction of the axis, 
and the height of the post 12 feet. 

The reduced tabular value of E is 192 ; hence 

22400 X 12» ,,^ ^ 

= 41 9 '6, nearly; 



40 X 192 



the fourth root of which is 4'53 inches, the side of the post as 
required. 

The dimensions given by this rule are obviously too small to be 
used in practice. The rule only shows the extreme load that can 
be supported by a pillar under the theoretical condition that the 
pressure exactly coincides with the axis of the pillar; but this 
pressure will overpower the resistance of the pillar if it has the 
smallest deviation from the axis. (See Dr. Young's Nat. Phil. ii. 
p. 47.) It is the more necessary to point out this circumstance, 
because it is the same in Girard's Rules, quoted in p. 95 ; and 
Poisson's Equation ("Traits de M^canique," Art. 160, tome i.). 
For the case where the force is applied at a distance from the 
axis, Poisson has left the solution incomplete. Dr. Young has 
given a solution of this case in his work above quoted ; but it is 
not quite so convenient for application as one which may be 
obtained by assuming certain data that are difficult to obtain in a 
simple form by calculation. 

In the former editions of this work, other problems and ques- 
tions were given connected with this subject ; but the data are so 
uncertain, that it has been thought better to omit them, — no rule 
being preferable to one which may be eiToneous. 



ON THE TRANSVEESE STRENGTH OF BRICK, 

STONE, CEMENT, ETC. 



113. There are but few cases in which it is important to know 
the transverse strength of the above materials, and we have but 
scanty information on the subject. The following includes nearly 
all I have seen. 

Cohesive Power of Stone, 

The first experiments, I know of, relative to the cohesion of 
stone, are those of M. Gauthey, a German engineer ; who found, 
from the results of several trials, that a piece of stone, of what he 
denominated soft givry, 1 foot square and 1 foot long, required a 
weight of 5000 lbs. to brea^ it across, one end being fixed in a 
rock, and the weight hung on at the other ; and that hard givry 
required, under similar circumstances, 5600 lbs. to produce 
fracture. Taking our dimensions, therefore, in feet, we have 

Soft givry, =- = 5000. 

° ad? 

Z W 
Hard ditto, — -x- = 6600. 

Or taking, as we have done in timber, the dimensions in inches, 

Soft girry, S = -^ = 86. 
Harddiito, S = -^-^ - 89. 

I am not acquainted with the nature of this stone ; but its power 
is very inferior to three specimens of stone tested by George 
Rennie, Esq., at the London Docks. These specimens, which I 
saw, were certainly very fine ; but the difference between the 
strength of them, and the above, is very extraordinary, particularly 
the Welsh slate. 
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ExperimenU made by Mr, O. Hennie, upon the foUotoing Stones^ generally used for 

paving. 

The dimensions were, length 12 inches ; breadth 2} inches ; depth 1 inch. The stones 
▼ere laid flat on two bearings, 10 inches apart, and the weights suspended from the 
middle of the stones. 



Kinds of StoDM. 



Green Moor Torkshire Bine Stone 
Ditto ditto White do. 
Caithness — Scotland 
Valentia — Ireland . 
Welsh 



Weight it 
bore. 



Weight of 
stone. 



cwt. 


qrs. lbs. 


lbs. 


OS. 


2 


8 27 


2 


12 


3 


23 


2 


12 


7 


2 17 


3 





7 


8 3 


3 


2 


17 


12 


3 


2 


— 









Value of 
«W 



B = 



^bd* 



335 
359 
857 
871 
1961 



On the Cohesive Power of Brick, 

114, In order to ascertain the cohesion of brick, three common 
bricks were procured, which had been exposed to the weather for 
two years at least ; and three of the same kind of recent make ; 
and three of the best stock. These were supported between two 
props, 8 inches apart, and then loaded in the middle till they 
broke. The least thickness of the bricks was 2^ inches, and the 
greatest 4 inches ; and they were placed with their less dimension 
vertical The following are the results of these experiments : 



Common old brick. 

1. . .384 lbs. 

2. . . 298 
8. . . 347 



Mean 3)1029 



343 lbs. 



Common new brick. 

1. . . 411 lbs. 

2. . . 411 

3. . . 387 



3)1209 
403 lbs. 



Best stock. 

1. . . 434 lbs. 

2. . . 479 

3. . . 420 



8)1333 



444 lbs. 



Hence, taking the dimensions in feet : 



IW 



Common old brick, 


V 11 
4adr 


*- 


3939 


Do. of recent make, 


IW 
4ad2 


:= 


4631 


Best stock . . . 


ZW 

« art 


^^ 


5115 



4ad^ 
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Strength of differeiftt Cements. 

116. I am indebted for the following experiments^ on the 
strength of different cements, to M. I. Brunei, Esq., who made 
them in reference to the construction of the tunnel imder the 
Thames. 

Experiment 1. — Against a brick wall a brick was attached by 
cement, its broadest surface to the wall, and with its length 
vertical to this brick, another was added; to this a third; and so 
on till thirteen bricks were thus cemented to each other : to the 
thirteenth brick another was added endwise; and, lastly, a fifteenth 
brick to the end of this, in the same position as the first thirteen. 
The cement supported this length of column without any appear- 
ance of breaking. Two bricks were then laid on the farthest 
extremity ; and, lastly, four others in front of these : in laying on 
the last brick the column or arm broke at the wall. 

'Exp^7mnt%—hi this experiment twelve bricks were cemented 
to each other exactly as above ; and then nine bricks more were 
laid on, viz., by placing one over each of the last seven; and, 
lastly, two at the farthest extremity. The arm was left in/this 
state without breaking. 

These experiments were made with Parker and White's cement, 
which was perfectly dry in both cases before the additional bricks 
were placed. 

Experiment 3. — ^Eleven bricks were attached in the same 
manner, and several weeks after, twenty-one bricks were piled 
upon the farthest extremity. Adding the last brick caused the 
arm to break off at the wall. 

Experiment 4. — Eleven bricks were attached to the wall edge- 
wise ; in this state the ixm. supported four bricks, and then broke 
at the wall 

These two experiments were made with Messrs. Turner and 
Montague's cement. 

Eaperiment 5. — ^A column was built 6 feet high and 14 inches 
square, and when dry was laid lengthwise on two props, 5 feet 
6 inches asunder ; in this position a weight of 896 lbs. was laid 
over the centre, which it supported without breaking. It con- 
tinued to bear this a considerable time. 

Experiment 6. — ^Exactly the same experiment was tried on a 
column, using half cement and half sand ; this bore the same 
weight for half an hour, and then broke. 
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These experiments were made with Mr. Shepherd's cement. 
It may be proper to add, that in every case of fracture the brick 
itself gave way before the cement. 



CBUSHINQ FOECE. 

116. Experiments on the resisting Power of various Building MateriaZs, Stone, 

Brick, dse., to a Crashing Force. 



No. of 
experi- 
ments. 



Materials. 



specific 
gravity. 



Crushing 
weight. 



1 

2 

8 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

80 

31 

32 

83 

84 



Portland stone, 1 inch cube 
Ditto 2 inchoB long . 

Statnarj marble, 1 inch 
Craigleith do. do. . 

Chalk, onbe of 1} inch 

Brick, pale red, do. 

Roe stone, Glouoestershire, do. 

Red brick, do. 

Ditto, Hammersmith paviors*, do. 

Bamt do. do. 

Fire brick do. 

Derby grit do. 

Ditto, another specimen, do. 

Killaly white freestone, do. 

Portiand do. do. 

Craigleith do. do. 
Torkshire paving, with the strata, do. 
Ditto do. against strata, do. 

White statuary marble do. 

Bramley Fall sandstone do. 
Ditto against strata, do. 

Cornish granite do. 

Dundee sandstone do. 

Portland, a 2-inch cube do. 
Craigleith, with the strata, 1| inch cube 

Devonshire red marble do. 

Compact limestone do. 

Granite, Peterhead do. 

Black compact limestone do. 

Purbeck do. 

Black Brabant marble do. 

Freestone, very hard do. 

White Italian marble do. 

Qranite, Aberdeen, blue kind do. 



2085 
2168 



2316 
2428 
2423 
2428 
2452 
2507 

2760 
2506 

2662 
2530 
2423 
2452 

2534 

2598 
2599 
2697 
2528 
2726 
2625 



1284 

805 

3216 

8688 

1127 

1265 

1449 

1817 

2254 

3243 

3864 

7070 

9776 

10264 

10284 

12346 

12856 

12856 

13632 

13632 

13632 

14802 

14918 

14918 

16560 

16712 

17354 

18636 

19924 

20610 

20742 

21254 

21783 

24556 



See Experiment by G. Rennie, Esq., Phil. Trans. 1818. 



On the Force necessary to overturn Walls and Columns. 

117. A column of soft givry (assuming the specific gi*avity 2000) 
is erected on a base 2 feet square, and its height is 20 feet. Be- 
quired the force, acting perpendicular to its end, necessary to over- 
turn it. 



WALLS AND COLUMNS. Ill 

It is obvious here that the force necessary to produce the 
fracture will consist of two parts^ viz., Ist, that which is necessary 
to produce an equilibrium with the weight of the wall, inde- 
pendent of the cohesion ; and, 2nd, of a part sufficient to overcome 
the cohesion, independent of the equilibrium. The latter will 
vary with the area of the base of fracture and the point of applica- 
tion of the force ; and the former with the weight of the column 
and the situation of its centre of gravity. 

Generally, if W denote the weight of the wall, I, the distance of 
the point of application of a direct force from the falcrum about 
which the wall is to turn, and r, the distance of the centre of 
gravity from the same, both in feet ; then, by the property of the 

lever, r = — r-, the force necessary to produce an equilibrium. 

And from the theory of the strength of materials, 

P I 

— ^ » C, a eonstarU quantUy, 

where a is the breadth, and d the depth of the section of fracture 
in feet; whence F'= — j — t the force requisite to produce the 

fracture : therefore, F + F = --j^ -f- ^ ^ > the whole force 
required. 

In the present case, 

W = 2000 01., or 125 lbs., and 125 x 2' x 20 = 10000, r = 1, Z = 20, 

a = 2, <f » 2, and let G » 500 ; 



whence. 



„ « 10000 8 X 500 ^^^ „^^ ^^^^ 

F + F' = -^ + — — = 500 + 200 - 700 lbs. 



the force sought. 

On the Pressure of Banks and the Dimensions of Revetments. 

118. Having established above (at least approximately) certain 
data relative to the resistance and cohesion of walls and columns, 
it remains now to ascertain the pressure of earth against revet- 
ments, in order thence to determine their requisite dimensions, 
that an equilibrium may be established between those two forces. 

For this purpose, let C B H E (in the annexed figure) dei^ote a 
bank of earth, the natural slope of which is E B. Let the weight 





B^-^- -^-^^^^"Ji 
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of the part CBE, 1 foot thick, =W, and make BE = ^, GB = h, 

C E = 6. From the theory of 
the inclined plane, 

h 

as 2 : & : : W : -y W = W, 

the weight which, attached to the 
centre of gravity of the sliding 
solid, would preserve it in equi- 
librio, on the plane E B, supposing 
no friction between the two sur- 
faces. The weight W will, there- 
fore, under this supposition, de- 
note the quantity ; F I, the direction ; and I, the effective point 
of application of the force of the bank against the wall A B C D. 
And now, to find the horizontal force at I : since the triangles 
K F I and B E C are similar, we have by the resolution of forces 

for the horizontal effect at I : also, since K A, from the nature of 
the centre of gravity = J of D A, or J A ; 

(x being taken to denote the breadth of the wall at bottom), the 
whole effect of the above pressure to turn the wall as a lever about 
a fulcrum at A, will be expressed by 

bhYf /I , 7iaj\ ftn«» 



/I . hx\ bhW n , lx\ 



2i« 



8 denoting the specific gravity of the earth. 

Now, to find the dimensions of the revetment requisite to keep 
this force in equilibrio, let K denote the given height of the wall ; 
S, its specific gravity, or the weight of 1 cubic foot ; x, as above, 
the thickness of the wall at the bottom ; y, the distance of the 
perpendicular, let faU fi-om its centre of gravity upon its base, 
from the outward edge of the wall at bottom, viz., the point about 
which the wall turns; and a, the area of its transverse vertical 
section; then, since we are only considering 1 foot in length, 
the same quantity, a, will also denote the solid content of the 
wall apposed to the bank ; and, consequently, a S will be its 
weight. 
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Therefore, by the preceding proposition, 

F - yaS, 

the resistance which the wall opposes in consequence of its weight, 
and 

F' = C a*, 

the resistance from cohesion, C being a constant quantity, iVth of 
which we may take = 500, as in the preceding article ; whence 

yaS + Co* 

will be the whole resistance opposed to the bank ; and, con- 
sequently, in case of an equilibrium, or of an equality between the 
force of pressure of the bank and the resistance of the wall, we 
shall have 

a general formula, from which x, the breadth of the wall, in all 
cases may be determined. 

If the wall be rectangular, then y=i x, and a=fc' x, and the 
above becomes 



ih'Six^ + Cx^ 



6P 2bl^ 



°''"*" SA'i» + 20^ ~ 60^ + 8 A'?S' 

If the wall be triangvlar, then y=f x, and a=s: J h' x, and the 
above becomes 

ly^h*8 h*h*$x 



iVS ar» + Cap 
or, a^ + 



6Z« "■ 2bl^ 



|*'PS + 2CP'~ 2A'S^+6Cf*' 

Example i. — As an example, let the natual slope of a given 
soil, when unsupported, be 45°, and its specific gravity 2000, or 
the weight of a cubic foot, 1251bs. ; and let it be required to deter- 
mine the breadth of a rectangular wall of soft givry necessary to 
support it : the wall and bank being both 12 feet high ; and the 
specific gravity of the wall 2500, or 156 Bbs. to the cubic foot. 

Here fc'=12, fe=:12, 6=12, Z=12V2, S=166, 8=125, and 
C=500. 

Whence, 

a? + 3-794 * = 15-176 ; 
or, aj = - 1*897 + V (l-897« + 16-176) - 2'435 feet. 
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ExaTtvple ii. — Let all the data remain the same, to find the 
breadth at bottom of a triangular waU, that will keep the same 
bank in equilibrio. 

Here, putting our second formula into numbers, we have 

a? + 5-148 X = 20-594 ; or, 
aj = - 2-574 a; + V (2-574« + 20*594) = 2-648 feet 

This is but little different from the former, as ought obviously 
to be the case, because a great part of the resistance is due to the 
cohesion of the bottom section, that arising from the weight being 
comparatively small : it is singular, therefore, that the foimer 
datum has never (I believe) been introduced into the solution of 
the problem. Prony, who has attempted an elaborate solution 
of this proposition, has no reference to the wall's cohesion. It 
will be observed, also, that in the above investigation we have not 
considered the friction of the two surfaces ; this is, of course, very 
considerable, and will reduce the thickness of the wall to a quantity 
less than the above. Experiments are, therefore, necessary to 
establish this point : in the mean time it may be observed, that as 
it is always desirable that the resistance of the wall should be 
more than equal to the pressure it has to sustain, it will be safer 
to omit it entirely than to introduce it without very correct data, 
drawn from the results of experiments carried on upon a large 
scale. 

Example iil. — Supposiug the wall to be built of the best stock 
brick, which weighs 100 lbs. to the cubic foot, and that a cubic 
foot of the earth weighs 96 lbs. ; also that the bank is 12 feet 
high, and the natural slope of the soil is 30^ : what must be the 
thickness of the rectangular wall that will just prevent the bank 
from slipping ? 

ExamvpU IV. — With the same data> required the thickness of 
the wall at bottom, supposing it in the form of a triangular wedge, 
as in the second example above. 

Example v. — ^To find the thickness of an upright rectangular 
wall necessary to support a body of water, the depth being 10 feet, 
and the wall 12 feet high, the specific gravity of water being 1000, 
and the best stock brick 2000. 

Exam/pU vi. — ^Required the thickness of the wall at bottom, 
supposing the data the same as in the preceding example, but the 
wall to be in the form of a triangle, as in examples II. and iv. 

Note, — ^The pressure in the last two examples is to be estimated 
on the principles of the pressure of fluids. 
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119, Bemark — The above can only be considered as a very 
imperfect sketch of the theory of Revetments, at least as relates to 
its practical application, for want of the proper experimental data ; 
being merely given, in connection with our general theory of the 
strength of materials, for the sake of introducing considerations 
relative to the cohesion of walls, &c., which have been commonly 
omitted : and the consequence has been, that, according to all 
theories (and there have been several), the computed thickness of 
the wall has very far exceeded what was ever considered to be 
practically necessary. 

To render the theory complete, with respect to its practical 
application, it is necessary to institute a course of experiments 
upon a lai'ge scale : first, upon the strength of common cement 
and motar ; and, secondly, upon the force with which different soils 
tend to slide down, when erected into the form of banks. A well- 
conducted set of experiments of this kind would blend into one 
what many writers have divided into several distinct data. Thus 
some authors have considered first, what they call the natural 
slope of different soils, by which they mean the slope that the 
surface will assume when thrown loosely in a heap ; very different, 
as they suppose, from the slope that a bank will assume that has 
been supported, but of which that support has been removed or 
overthrown. This, therefore, leads to the consideration of the 
friction and cohesion of soils, and what is denominated the slope 
of maximum thrust : but however well this may answer the pur- 
pose of making a display of analytical transformations, I cannot 
think it is at all calculated to obtain any useful practical results. 
I should conceive that a set of experiments, made upon the abso- 
lute thrust of different soils, which would include or blend all these 
data in one general result, would be much more useful, as furnish- 
ing less causes of error, and rendering the dependent computations 
much more simple and intelligible to those who are commonly 
interested in such deductions. 

We may further observe, that the method of resolving the force 
of the bank at the point I, instead of the point F, which former is 
obviously the effective point as regards the lever by which the wall 
turns, shows, that while the continuation of the slope falls within 
the base of the wall, the soil which forms it will add to the stability 
of the revetment; which is conformable to the experiments of 
Major-General Pasley. (See vol. iii. of that author's " Course of 
Military Instruction.") 
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ON THE STRENGTH OF CAST IRON. 



Direct Cohesion. 



\ 



120, Cast iron is but seldom employed to act as a tie, or to 
resist by its direct cohesive power, for which puipose it is not con- 
sidered well calculated ; not perhaps because it has not sufficient 
strength, but because its strength is not certain, and that it 
accommodates itself less to any cross strain than malleable iron. 
A bar of malleable iron will admit of considerable torsion without \ 

any great diminution of its direct strength, but in cast iron this is ] 

not the case, and any twist brought on a bar with a direct strain is 
pretty sure to produce fractui'e long before the whole of its direct 
strength is called into action. 

The three following experiments give a mean of 814 tons, or 
about 18,000 ibs. per square inch, viz. : 

Hacperiment 1. — By Captain Brown, on a bar ' 

ions. 
1} inch square, which was broken with 11*35 tons, or per sqoare inch . 7*26 

Experiment 2. — ^By George Rennie, Esq., on a bar 

\ inch sqnare, cast horiiontally, which was broken with . 1193 lbs., 

or per square inch 8'52 

Eoffperi/ment 3. — By the same, on another bar 

} inch square, cast vertically 1218 lbs., 

or i>er square inch 8*66 

8) 24*44 

Mean . . . 8*14 

Numerous experiments upon iron of various manufactures, con- 
ducted by Mr. Hodgkinson, and recorded in the Report on the 
application of cast iron to railway structures, give for the lowest 
quality a direct cohesive strength of 5*667 tons ; for the best, a 
strength of llo02 tons ; and for the mean, 7*29 tons. 
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HYDROSTATIC PRESSES AND WATER PIPES. 
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On the Strength of Hydrostatic Presses. 

121, It has been remarked that cast iron is seldom employed to 
resist a direct strain, but there are some cases in which this is 
unavoidable, and amongst others, in hydrostatic presses and water 
pipes ; for the tendency of the internal pressure is here obviously 
to rend open the cylinder longitudinally, and its power of resist- 
ance is only the direct cohesion of the particles of metal in its 
longitudinal section. It would at first sight appear that the 
strength of a cylinder exposed to an internal pressure must be 
proportional to its thickness, but practically this is not the case, it 
being found necessary to increase the thickness in a much higher 
proportion than in that of the strain. My attention was called to 
this apparent mystery some years back, by Mr. Kier, who was 
engaged in the manufacture of hydrostatic presses, and it led me 
to the following investigation of the subject, which was presented 
to the Institution of Civil Engineers, and has been since published 
in the first volume of their " Transactions." 

Let abfbc, be any small elementary parts of the circumference, 
which may be taken as right lines, and 
let the pressure on each of them be 
called p, which, being proportional to 
them, may be represented by the ele- 
ments themselves, ab,bc, these being 
perpendicular to the direction in which 
the pressure acts. Resolve these pres- 
sures or forces each into two rectangular 
forces, ad, db, and be, ec, of which, a d 
and b e will represent forces acting per- 
pendicular to their direction or parallel 
to A £, and d b and e c forces parallel to 

D C. Confining ourselves at present to the former, if we conceive 
the semi-circumference DEC to be divided into its component 
elements, it is obvious that the sum of all the forces acting parallel 
to A B, will be equal to the sum of all the peipendiculars, ad, be, 
or to the whole diameter D C. That is, the sum of all the forces 
acting parallel to A B, will be to the sum of all the forces or 
pressure on the semi-circumference D B C, as the diameter to the 
semi-circumference. But the pressure on the semi-circumference 
is equal to the number of inches in the same, multiplied by the 
pressure per square inch ; consequently the force or pressure 
exerted parallel to A B, will be equal to the inches in the diameter 
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multiplied by the pressure per square inch, the ring being here 
supposed, for the purpose of simplification, only an inch deep. 
But to resist this pressure, we have the two thicknesses of the ring 
at D and C ; therefore the direct strains on the circumference ait 
any one point, as D, will be equal to the pressure of the fluid per 
square inch multiplied by the number of inches in the radius. 

We should come to the same result more simply, but perhaps 
not so satisfactorily, by conceiving a section passing through the 
diameter D C ; then it follows that the pressure on this section, 
which is directly resisted at D and C, is equal to the number of 
square inches in the section multiplied by the pressure per square 
inch. Therefore the strain on D or C singly, is equal to the 
pressure per square inch multiplied by the inches in the radius ; 
the same as above. 

Having thus found the strain at D and C, it would appear at 
first, as is stated above, only to be necessary to ascei*tain the thick- 
ness of metal required to resist this strain when applied directly to 
its length : this, however, is by no means the case, for if we 
imagine, as we must do, that the iron, in consequence of the 
internal pressure, suflfers a certain degree of extension, we shall 
find that the external circumference paiiicipates much less in this 
extension than the interior ; and as the resistance is proportional 
to the extension divided by the length, according to the law ut 
tenaio sic vis, it follows, that the external circumference, and every 
successive circular lamina, from the interior to the exterior surface, 
offers a less and less resistance to the interior strain : the law of 
which decrease of resistance it is our present object to investigate. 

In the first place, it is obvious that whatever extension the 
cylinder or ring may undergo, there will be still in it the same 
quantity of metal ; or, which is the same, the area of the circular 
ring, formed by a section through it, will remain the same, which 
area is proportional to the diflFerence of the squares of the two 
diameters. 

Let D be the interior diameter before the pressure is exerted, 
and D+d its diameter when extended by the pressure. Let also 
D' be the external diameter before, and D'+c?' the diameter after, 
the pressure is exerted ; then, from what is stated above, it follows 
that we shall have 

iy« - D» = (D' + (?)» - (D + d)« ; 
or, 2D'(r + d" « 2Dci + d'; 
or, 2D' + (T : 2D + d : : d : d'; 

or, since df and d are very small in comparison with D' and D, this 
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analogy becomes D' : D : : d : d\ That is, the extension of the 
exterior surface is to that of the interior as the interior diameter 
to the exterior. 

But the resistance is as the extension divided by the length ; 
therefore the resistance of the exterior surface is to that of the 

interior as g> • ^, or as D' : D'*. That is, the resistance oflFered 

by each successive lamina is inversely as the square of the 
diameter, or inversely as the square of its distance from the 
centre ; by means of which law the actual resistance due to any 
thickness is readily ascertained. 

Let r be the interior radius of any cylinder, t the whole thick- 
ness of the metal, and x any variable distance from the interior 
surface. Let also 8 represent the strain exerted at the interior 
sur£EU)e. Then by the law last illustrated we shall have 



(r + «)' : r" : : i : 



r«* 



(r + «)' 

for the strain at the distance x frx)m the interior surface ; and con- 
sequently f . * f, +Cor.=the sum of all the strains, or the 
sum of all the resistancea This becomes, when 



.= ^E.,*.(i--^) = . 



Tt 



r + t 



That is, the sum of all the variable resistances due to the whole 
thickness t, is equal to the resistance that would be due to 



rt 



the thickness — -—j acting uniformly with a resistance 8. 



Application of this Ride for computing the proper ITiickness of 
Metal in a Cylind/nc Hydraulic Press of given Power and 
Dimensions. 

122, Let r be the radius of the proposed cylinder, p the 
pressure per square inch on the fluid, and x the required thick- 
ness : let also c represent the cohesive strength of a square inch 
rod of the metal. 

Then from what has preceded it appears, that the whole strain 
due to the interior pressure will be expressed by p r, and that the 
greatest resistance to which the cylinder can be safely opposed is 

c X — — : hence, when the strain and resistance are in equi- 

librio, we shall have 
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^ p^ Tirz ^ ^ (^) » 

T + X 

oTf p r + p X ^ c X ; 

whence x = — (the ihickneM) soTighi. 

Hence the following rule in words for computing the thickness 
of metal in all cases ; viz., multiply the pressure per square inch 
by the radius of the cylinder, and divide the product by the 
diflference between the cohesive strength of a square inch rod of 
the metal and the pressure per square inch, and the quotient will 
be the thickness required. 

At present we have only considered the circumferential strain : 
to find the longitudinal strain, we have to multiply the area of the 
piston by the pressure per inch ; while the resistance in this direc- 
tion will be equal to the cohesive power of the metal multiplied by 
the area of the transverse section of the cylinder ; so that when 
these are equal to each other, we shall have 

8*1416 fS p = 8-1416 {2tx ■\- sfi)e, 
which gWea « = r | v(f + ^) ~ ^ 1 • ' (2)' 

On the Strength of Direct Cohesion of various Metals. 

123. As but few applications of other metals than iron are 
called for under circumstances of great importance, the number of 
experiments upon them are very limited, and these are generally 
upon their direct strength. We shall ccmtent ourselves, therefore, 
with giving the following Table of Results, from experiments made 
in Woolwich Dockyard ; and others by George Rennie, Esq. (" Phil. 
Trans." 1818.) 



DIRECT STRENGTH OF VARIOUS METALS. 



121 



TABLES OF THE DIBXCT COHESIYX P0WEB8 OF YABIOTTS METALS. 

TABLB I. 

Tk€ folhtBtng Bzperimenii wert made by order of the AdminUip, wUh the TetHng 
Machine in Woolwich Doehyard, on Kin^e Copper y QreenfeUe Copper^ and on the 
Patent Tdlow Metal, by Mr, John Kingeton, 



Dtameter of 
bolt 




Quantity stretched in 
four feet. 



Breaking weight 
in tons. 



Withtona. 
15 .. 
15 . 
15 .. 
12 
12 
12 .. 

9 

9 

9 

6 

6 .. 

6 



15 

15 

15 

12 

12 

12 

9 

9 

9 

6 

6 

6 



KINO'S COPPER. 



Inch., 
•062 
•100 
•125 
•125 
•187 
•125 
•125 
•125 
•085 
•125 
•137 
•187 



Tons. 
22 
22 
21} 
164 
17 

^^ 
12} 

12} 

134 
9 

8} 
9 

Mean 



OREEITFELL'S COPPER. 



•137 
•125 
•125 
•125 
•150 
•160 
•100 
•112 
•087 
•100 
•125 
•125 



194 

194 

18 

15} 

154 

14} 

18 

13 

184 
9} 
9 

8i 

Mean 



15 ... 


•150 


15 ... 


•280 


15 ... 


• • • 


12 ... 


•250 


12 ... 


•750 


12 ... 


•500 


9 ... 


2-00 


Defeeiire 




9 ... 


2-00 


6 ... 


1-70 


6 ... 


8^00 


6 ... 


2^00 



PATENT YELLOW METAL. 

234 
23 
19 
16} 
18} 
204 
13 
8 
124 

H 
8 

94 
Mean 



Reduced to square 
inch. 



51189 
51189 
50607 
48578 
50050 
50786 
51286 
49185 
51062 
47104 
45797 
47104 

49499 - 22-1 tons. 



45372 
45372 
41881 
46869 
45638 
43425 
50098 
50098 
52989 
47727 
44150 
42882 



46329 == 20-7 tons. 



51760 
50640 
41840 
50628 
55329 
69617 
50098 
80880 
48172 
49720 
41870 
49720 



49185 s 21*9 tons. 
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TABLB II. 

Experimenti an the Strength of Direct Cbhetion of vanotu MetdU, By Oeorge Rennie^ 

&q, (from "PhU, Trans,'' 1818). 



No. 



Metnlt. 



Reduced to inch 
■quare. 



1 
2 
8 
4 
5 
6 
7 
8 
9 

10 
11 
12 
18 



}-meb cast-iron bar, horisontal cast • 
Ditto rertioal cast . 

Ditto, cast steel, preyionsly tilted . 
Ditto, blistered steel, redaced per hammer 
Ditto, sheer ditto, ditto 
Ditto, Swedish iron, ditto . 

Ditto, Bnglish ditto, ditto 

Ditto, hard gan-metal 
Ditto, wrought copper, reduced per hammer 
Ditto, cast copper .... 
Ditto, fine yellow brass .... 
Ditto, cast tin .... 

Ditto, cast lead . . * . . 



1168 
1218 



Sm. 

1198 

8891 
8322 
7977 
4504 
8492 
2278 
2112 
1192 
1128 
296 
114 



tons. 

8-51 

59-98 

59-48 

56-97 

82-15 

24-98 

16-28 

15-08 

8-51 

8-01 

2-11 

0-81 



On the Resistance of J-tncA Iron Bars to a wrenxiking Force, 

124, The following experiments were made by Oeorge Bennie, 
Esq., and were published by him in the " PhiL Trans.," Part I., for 
1818. The apparatus consisted of a wrought-iron lever, 2 feet 
long, having an arched head of about 60^, and 4 feet diameter, of 
which the lever represented the radius : the centre round which it 
moved had a square hole, made to receive the end of the bar to be 
twisted. The lever was balanced, and a scale hung on the arched 
head ; the other end of the bar being fixed in a square hole, in a 
piece of iron, and that again in a vice. The under-mentioned 
weights represent the quantity of weight put into the scale. 

EXPBRIMENTS 

ON TWI8T8 CLOSE TO THE BEARTNO, OAST HORIZONTAL. 
No. lbs. OB. 

1 . ^-inch ban, twisted as under, with 10 14 in the scale. 

2. : : ditto, bad casting ... 8 4 
8. {ditto, 10 11 



ATerage 



4. J 
6. k 
6. i 



CAST TERTICAL, 



9 


15 


10 


8 


10 


18 


10 


11 



Average 



10 10 



ON TWISTS OF DITVEBBNT LENGTHS, HORIZONTAL OAST. 

7. i by 4 long 7 8 

8. I by {ditto 8 1 

9. i by 1 inch ditto ... 8 8 
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'SZBEBJMSRTS^-continued. 



VBKTICAL. 




by i long, twisted arander with 
by I ditto . . . . 

by 1 inch ditto. . . , . 



TtM. OS. 

10 1 in the scale. 

8 9 

8 5 



CABT HORIZONTAI^ TWISTS AT 6 INCHES FROM THE BEAJLING. 

18. i by 6 inches long ... 10 9 
14. } by ditto ditto . ..94 

16. I by ditto ditto ... 9 7 



16. 
17. 
18. 



TWISTS OF i-INCH 8QUABE BABS, CAST HOBIZONTALLT. 

qra. lbs. OK. 

i olose to the bearing .8912 end of the bar haid. 
{ditto . . . 2 18 middle of the bar. 

j at 10 in. from bearing^ i -i oi a 
lever in the middle . P ^* " 



On Twists of different Materiala. 

126, These experiments were made close to the bearing, and 
the weights were accumulated in the scale until the substances 
were wrenched asunder : 

No. 

19. Cast steel 

20. Sheer steel . 

21. Blistered steel . 

22. English iron 

23. Swedish iron . 

24. Hard gnn-metal 

25. Fine yellow brass 

26. Copper 

27. Tin 

28. Lead . 



Iba 


02. 


19 


9 


17 


1 


16 


11 


10 


2 


9 


8 


6 





4 


11 


4 


5 


1 


7 


1 






It will of course be understood that these experiments give only 
the relative resistance to torsion, and not the actual resistance. 
On this subject the reader should consult Tredgold's " Practical 
Essay on the Strength of Cast Iron«" 
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126. JSxperimenit hy Qeorge Renmey Esq,, on Resistance of Cast Iron to a enuhing 

Force; from "PhiL Trans,** for 1818. 



Size of fhe prism. 














BjMCific 


Cruflhing 


Mean from 




Bide of 




gravity. 


weight. 


each set. 


Remarks. 


baae. 


Height. 










inch. 


inch. 




Sm. 


lbs. 




i 

Do. 
Do. 


Do. 
Do. 


7033 
Do. 
Do. 


1454 
1416 
1449 


[ 1440. 


r These speoimens were 
\ from one block. 


Do. 


t 

Do. 


6977 
Do. 


1922 
2310 


} 2116 


Iron from a block. 


Do. 


f 


Do. 


2363 


1- 1758 
J 




Do. 




Do. 


2005 




Do. 


^ 


Do. 


1407 


r These spteimeiiB were 
\ from the flame block. 


Do. 


! 


Do. 


1743 


Do. 


Do. 


1594 




Do. 


f 


Do. 


1439 




Do. 
Do. 
Do. 


i 

Do. 
Do. 
Do. 


6977 
Do. 
Do. 
Do. 


10561 
9596 
9917 
9020 


i 9778 


These specimens were 
from the same block 
[ as above. 


Do. 
Do. 


Do. 
Do. 


7118 
Do. 
Do. 


10432 
10720 
10605 


[l0114 


r These specimens were 
from horizontal cast- 

• 


Do. 


Do. 


Do. 


8699 


) 


ings. 


1 


i 


7074 


12665 


■\ 




Do. 


Do. 


Do. 


10950 




^ fm * 


Do. 
Do. 


Do. 
Do. 


Do. 
Do. 


11088 
9844 


"11186 


r These specimens were 
\ Tertical castings. 


Do. 


Do. 


Do. 


11006 


J 




Do. 


A 


. 7113 


9455 
9374 


. 9414 


Horizontal casting. 


Do. 


Do. 


. 7074 


9938 
10027 


A 

> 9982 


Vertical casting. 


1 


1 


7118 


9006 




•\ 


Do. 


1 


Do. 


8845 






Do. 


f 


Do. 


8362 




- Horizontal castings. 


Do. 


{ 


Do. 


6430 




Do. 


1 


Do. 


6321 




J 


i 


7074 


9328 




^ 


Do. 


1 


Do. 


8385 






Do. 


f 


Do. 


7896 




' Vertical castings. 


Do. 


1 


Do. 


7018 






Do. 


1 


Do. 


6430 




J 



TRANSVEB8E STRENGTH OP CAST IRON. 



185 





127. Similar Rj^perimerUa 9n different Meiala. 


Size df the prlam. 

Side of 
hue. Height 


Specific 
gravity. 


.Crushing 
weight. 


Mean from 
each set. 


Bbmabkb. 


inch. inch. 

i i 

Do. Do. 

Do. Do. 

Do. Do. 
Do. Do. 


Oast copper. 

Braas. 

r Wrought 1 
\ copper. J 

Cast tin. 

Cast lead. 


lbs. 
7318 

10304 

6440 

966 

483 


■ • • 

■ • • 

• • • 

• • « 

■ • • 


Crumbled by the pressure, 
f Fine yellow brass reduced 
' ^0^ with 8213 lbs.; i 
[ with 10304 lbs. 
JBedaced Ath with 8427 
t lbs. ; 1 with 6440 lbs. 
r Reduced ^thwith662]b8.; 
1 i with 966 lbs. 
Aeduced i with 483 lbs. 



In these experiments, after the metals had been compressed to 
a certain extent, the resistance is stated to have been enormous. 



On the Transverse Strengtii of Cast Iron. 

128. The form in which cast iron is most frequently employed 
is to resist a transverse strain, as in rafters, girders, &a, &c., and 
numerous experiments have been made to determine the requisite 
data for computing the proper dimensions in these cases. Amongst 
the earliest experiments of this kind were those of Mr. Banks, in 
his " Treatise on the Power of Machines." These were made by 
resting the ends of square inch bars on supports at 3 feet distance, 
and then loading them with weights at their centre till fracture 
took place : the results were as follow : 



No. of 


DlBtanceof 




Breaklnflr 




experiment 


supports. 


Depth. Breadth. weight. 


Mean. 


1 


86 inches 




1 ... 756 1 
1 ... 756 


766 


2 


86 


• • • 




8 


80 


• » • 




1 ... 1008 
reduced to 86 inches. 


840 










4 


86 


• • • 




1 ... 968 ) 




6 


86 


• • • 




1 ... 968 [ 


972 


6 


86 


• • • 




• •• X ••• Vvz 1 




7 


86 


■ • • 




• • • X • • • 








arerage 


of three other experiments . 


780 


8 


86 


• •• 


1 


1 ... 864 [- 
1 ... 874 J 


869 


9 


86 


• • • 


1 


10 


86 


• • • 


1 


1 ) 
by Mr. George Bennie ) 


897 











Mean 



6) 5064 
. 844 



The position of the neutral axis is not of much importance in 
the case of timber, bars or beams of this material being generally 
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rectangular where strength is required ; and the strength of one 
being known, that of others may be computed without reference to 
this datum : but it is very different in cast iron, because in this, 
bars may be cast of various forms, and the strength of these cannot 
be computed without, knowing the position of the axis in question. 
To compensate for this want of information, however, Mr. Hodg- 
kinson has supplied us with numerous results on bars of different 
forms, which will be given in the sequel. From the preceding 
mean result we obtain for our value of S in cast-iron rectangular 
bars, 



8 = 



IW 



4ad^ 



7596, or 7600, nearly. 



Mr. TredgolcPa ExperiToenta, 

129. In these the depth of the bar was '65 of an inch, and the 
breadth 13 inch. They were securely fixed at one end, the load 
being applied at the other, the leverage being in each case 2 feet. 



No. of 
experi- 
ment. 



Kind of iron. 



, Length. 



Breadth. 



Depth. 



Breaking 
weight. 



Value of S, 
fW 



S = 



4a<l* 



1 
2 
8 
4 



Old Park . 
Adelphi 
Alfreton 
Scrap iron 



inches. 


inch. 


inch. 


lbs. 


24 


1-3 


•65 


184 


24 


1-8 


•65 


178 


24 


1-8 


•65 


168 


24 


1-8 


•65 


174 
Mean 



8040 
7560 
7841 
7688 

7645 



These values of S agree very nearly with that obtained from the 
preceding mean. 

We may, therefore, with confidence state the constant (S) for 
rectangular cast-iron bars to be 

S = T620. 



On the Deflection of Cast Iron when submitted to a Transverse 

Strain, 

130, On this subject Mr. Tredgold * has furnished us with the 
four following results : the bars were like those given above, two 
of each kind having been cast for the purpose of the experiment. 

* " Treatise on the Strength of Caat Iron.** 



i 
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BXPBBIMBNT 1. 



OLD PABK IBON. 



Two specimens run from this kind of pig iron^ each 3 feet in 
length ; smooth, clean, and regular castings. The section of the 
bars rectangular, depth 0*65 inch, breadth 1'3 inch ; the supports 
2*9 feet or 35 inches apart, the load suspended in the middle. 



Weight ai^lied. 


Deflection, Ist bar. 


Dofleotion, 2nd bar. 


60 lbs. 
120 
162 

182 

190 


Bent 0-1 inch. 
0-2 
0-266 

0-305 small set. 

0-32 set '005 


Bent 01 inch. 
0-203 
0-275 

^.ot /set barely 
"^^l perceptible. 
0-33 set -005 



The iron was slightly malleable in a cold state ; yielded easily to 
the file. The fracture dark grey, with little metallic lustre, fine- 
grained and compact. 

We may consider 162 ibs. as the greatest load it would bear 
without impairing its elastic force, and 0*27 as the mean between 
the flexures produced by this weight, or 3=0'27« 

z»w 



Whence E = 



U a d^9 



« 4503600. 



EXPERIMENT 2. 



ADELFHI IBON. 



The specimens of this iron were clean, good castings, of the same 
dimensions as the preceding ; that is, depth 065, breadth 1*3 inch, 
distance of supports 35 inches. 



Weight applied. 


Defleetion, let bar. 


Deflection, 2nd bar. 


60 lbs. 

120 
162 
1S2 


Bent 0*1 inch. 
0-2 

0-26 no set. 
0-80 set -0075 


Bent 0-1 inch. 
0-205 

0-27 no set. 
0-805 set -005 



Takiag the mean deflection with 162 lbs. at '265, we find 



E = 



I6a cfib 



» 4588400. 
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EXPERIMENT 3. 

ALFBBTON IRON. 

Same dimensions and distance of supports as in the preceding, 
viz. 

d = -65, a = 1-3, I = 35. 



Weight applied. 


Deflection, let bar. 


Deflection, 2nd bar. 


60 lbs. 
120 
162 
183 


Bent 0-1 inch. 
0-2 

0-27 no set. 
0*31 small set. 


Bent 0-1 incL 
0-195 

0*28 no set. 
0*825 small set 



Taking -275 as the mean deflection with 162 iba, we find 

PW 



E = 



16 a (23 8 



= 4421600. 



EXPERIMENT 4. 



SCRAP IRON. 



These bars were run from old iron ; they were uneven on the 
surface. Dimensions as before. 



Weight applied. 


Deflection, l«t bar. 


Deflection, 2nd bar. 


60 lbs. 
120 
162 
180 

190 

210 


Bent 0*09 inch. 
0-18 

0-25 no set. 
0-28 no set 

0*80 small set. 

0-84 set *005 


Bent 0*09 inch. 
18 

0-255 no set. 
2*285 do. 

0*34 set -004 



On these experiments Mr. Tredgold observes, that these bars 
showed no signs of a permanent set with 180 lbs. ; but to whatever 
cause this greater range of elastic power may be owing, it would 
certainly be imsafe to calculate upon it The iron was very hard 
to the file, and very brittle fragments flying off when hammered on 
the edge, instead of indenting, as the preceding specimens. 

Taking 2525 as the mean deflection with 162 fcs., we have 



£ = 



P w 



16 a (^3 8 



= 4815600. 
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Excluding this as an unusual specimen, ^e have as a mean 
from the other three experiments, 

B = 450&000 

for the mean elastic power of cast iron to the nearest fourth figure ; 
the other places are supplied by ciphers for the sake of simplifica- 
tion, their real value being unimportant. 



Compariaon of the Strength, Stiffneaa, cfec, of Cast Iron with 

good English Oak, 

131. By the Table of Data (Art. 101), it appears that the value 
of S, for the best specimen of English oak, is 1672 ; and from the 
preceding experiment for cast iron, S=7645, that is, strength of 

• oak : east iron : : 1 : 4*5 nearly. 

Stiffness, oak : cast iron : : 1 : 13 nearly. 
Sp. gray., oak : cast iron : : 1 : 8 nearly. 

If we consider that 170 lbs. in these experiments is just within 
the elastic power, we find 

S = -T^ - 2075, 
4 a a* ' 

which is little more than one-third of the greatest value of S, viz., 
7645. Cast iron may, therefore, be considered to have its elasticity 
destroyed with about one-third the weight that will produce frac- 
ture ; it ought, therefore, not to be loaded in permanent con- 
structions to more than this amount. 



182. The following Table exhibits the results of experiments 
made by Eaton Hodgkinson, Esq.,* to ascertain the tensile and 
crushing strengths of cast irons, from various parts of the United 
Kingdom, the general properties of these irons not having been 
previously obtained. 

The specimens torn asunder had their sections in the 
annexed form, and the crushed specimens had cylindrical 
sections turned to be | inch diameter, the length being 
i and IJ inches respectively. 

* Report of the Commissioners on the Application of Iron to Railway Stmotnres. 
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The general ratio of the powers to resist tension and compression 
from the simple irons in the above table is 1 : 5 '6603. Mr. Stirling's 
iron is omitted, it being a compound iron. In the previous ex- 
periments of the author, made in the same manner as those above, 
upon eleven kinds of cast iron, the mean ratio of the tensile to the 
crushing forces was 1 : 6'595.* The whole of these experiments 
combined will include the above properties of most of the leading 
irons in the kingdom. 

ExperiTfienta to determine the Tensile Strength of Cast Iron, in 
different forma of Section, to ascertain whether the latter, 
the Area being the same, has any influence on the Strength. 

All the experiments were made in the same manner as those in 
the preceding Table, and great care was taken, as before, in order 
that the direction of the straining force should be through the 
centre of the casting. The forms of section were cruciform, 
rectanguUr, and circular ; and the dimensions, according to the 
models, as in the annexed figures. 



4-/H. 



-* 




<-■ 
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Jt'J— 



« 
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I 




The area of the section in each case was intended to be 4 inches. 
The exact area is given with the result of each experiment. 



Description of Iron. 



Form of 
section. 



AreAof 
aoction. 



Breaking 
weight. 



Breaking 

weight i)er 

square inch of 

section. 



Mean breaking 

weight x)or 

square inch of 

section. 



Bowling Iron, 
No. 2 ... 



Graciform ... 
Rectangular 



Inches. 


lbs. 


( 4-477 


6S955 


^4-446 


67611 


( 4-184 


62683 


I 4 128 


58651 


\ 4-281 


60891 


( 4-139 


55963 



lbs. 
15402- 

15210: 

14981= 
14208: 

14388: 
13520: 



tons. 

6-875 

6-79 

6-687 

6-84 

6-42 

6 036 



15198 lbs. 
= 6784 tona. 

14039 lbs. 
= 6-267 tons. 



* Notwithstanding the fact, that the ultimate compressiTe resistance of oast iron is^ to 
its ultimate tensile resistance, as about 6:1; and also, that cast iron girders, baring 
the sections of their flanges in that proportion, have given the highest ultimate resistance ; 
it is the practice of Continental engineers to distribute the metal equaUy between the 
top and bottom flanges. This plan may be justified on the ground that, within a certain 
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Description of Iron.^ 



Form of 
section. 



AroAof 
section. 



Breaking 
weight. 



Breaking 

weight per 

square inch of 

section. 



Mean breaking 

weight per 

square inch of 

section. 



Brymbo Iron 
No. 8 



!"•} 



BlaenaTon Iron, 
No. 2 ... 



Blaenaron Iron, 
No. 2, second 
melting ... 



Cmcifurm .. 
Rectangnlar 



Cruciform ... 
Ciroalar 

Cmciibrm ... 
Circnlar ... 



Inches. 
4-496 
4-731 
4-273 
4-241 
4-189 
4-314 

4-313 
4-262 
4-227 
4-126 
4-216 

4-440 
4-246 
4 076 
4 029 
4-264 



lbs. 

65819 

67163 

68059 

58651 

55963 

59995 

62235 
67755 
64027 
69995 
62235 

(a) 63181 
(5) 64923 
(e) 64923 
{d) 60443 
(e) 68507 



Ihs. 

14639: 
14196' 
15927: 
18829: 
13359: 
13907 = 



tons. 
:6-535 
*'6-337 
= 7-110 
:6-173 
:5-963 
»6-208 



14430=6-442 
13583 ==6 -064 
15147 = 6-762 
14541 = 6-491 
14762 = 6-590 

14219=6-348 
15290 = 6'826 
15928 = 7-111 
16002=6-697 
16066=7-172 



14921 Ib«. 
= 6-661 tons. 

13698 Ibfl. 
= 6*116 tons. 

14006 rtm. 
= 6-253 tons. 

14817 lbs. 
= 6-614 tons. 

14754 lbs. 
= 6-586 tons. 

15666 fts. 
= 6-993 tons. 



NoTB. — The Blaenaron Iron, No. 2, baying been subjected to a second melting, had 
four castings out of five unsound, the only sound casting being that marked (e) ; and 
those of the cruciform section were somewhat more unsound than others. As this iron 
had DOW become veiy hard, and was in a state seldom used in practice, it would not run 
well into small mouida 

The casting in experiment (a) was rery defectiye in the place of fracture ; the area of 
the defect being one-fourth of a square inch, or upwards. 

The casting in experiment (6) was slightly defective in three places, and was very hard. 

The casting in experiment (c) had a defect, and " cold shot'' on one side in the place 
of fracture. 

The casting in experiment (d) had two defects in the place of fracture. 

The eastings from all the other irons were sound, and were from the first melting of 
the pigs ; the second melting was tried to ascertain its effect on Blaenavon Iron, No. 2. 

RemtUs, from the preceding Table, of the comparative Strength per Square Inch in 
Caetinge of different forms of Section, that of the Cruciform being represented 
by 1000. 



Description of Iron. 


Strength 
of the cru- 
ciform, as- 
sumed as 
jpklOOO. 


Strength of sections 
of other forms. 

• 


Remarks. 


Bowling Iron, No. 2 . 
Brymbo Iron, No. 3 . 
BlaenaTOnlron, No. 2 
Blaenaron Iron, No. 2. > 
second meltbg \ 


1000 
1000 
1000 

1000 


924, rectangular 

918, rectangular 

1054^ circulfU' . 

1062 ciroular . 


First melting : castings all sound. 

Ditto. 

Ditto. 
C Second melting : very hard, 4 
X out of 5 unsound. 



Mean ratio from the sound castings, first melting, 1000 to 965. 
General mean ratio, including the *' second melting,'' and unsound castings, 1000 to 9894. 

limit, the elasticity of east iron under compression is about equal to iii elasticity in 
tension ; so that^ as it is supposed the girder will nerer receive more than about one- 
aixth of its breaking weight, the metal in it, by an equal distribution, will be more 
effective, and a greater rigidity will be ensured. — ^Ed. 
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The differenoe of strengib obtained from tbe seoond melting of the Blaenaron Iron, 
No. 2, is greater than it vould have been if all the castings had been equally nnsoond, 
but those of the cruciform section were somewhat more defectiTe than the others. 

From the experiments generally, it appears probable that there is little, or no essential 
difference in tlie tensile strength of cast iron, arising from the form of its section only ; 
and that tbe difference of strength in favour of the cruciform section is chiefly attributable 
to the metal being harder in the thinner sections than in the others. 

133, The following is an extract from " Papers " on the above 
subject by W. H. Barlow, Esq., F.RS., read before the Royal 
Society, entitled : — 

On the Existence of an element of Strength in Beams subjected 
to Transverse Strain, arising from the Lateral Action of the 
fibres or particles on each other, and named by the Author 
the " Resistance of Flexure."* 

It has been long known, that under the existing theory of beams, 
which recognises only two elements of strength, namely, the resist- 
ances to direct compression and extension, the strength of a bar of 
cast iron subjected to transverse strain cannot be reconciled with 
the results obtained from experiments on direct tension, if the 
neutral axis is in the centre of the bar. 

The experiments made both on the transverse and on the direct 
tensile strength of this material have been so numerous and so 
carefully conducted, as to admit of no doubt of their accuracy ; 
and it results from them, either that the neutral axis must be at, 
or above, the top of the beam, or there must be some other cause 
for the strength exhibited by the beam when subjected to trans- 
verse strain. 

In entering upon this question, it became necessary to establish 
clearly the position of the neutral axis, and the following experi- 
ments were commenced with that object ; but they have led to 
others, which are also described herein, and which establish the 
existence of a third, and a very important element of strength in 
beams. 

I was desirous that the experiments for determining the position 
of the neutral axis should be made on such a scale and in such a 
manner as to place this question beyond doubt ; and with this 
object the following means were adopted :— 

Two beams were cast, 7 feet long, 6 inches deep, and 2 inches in 
thickness ; on each of which were cast small vertical ribs at intervals 
of 12 inches : these ribs were one-fourth of an inch wide, and 

* Fhilosophieal Transactions of the Royal Society of London, 1855 and 1857. 
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projected one-fourth of an incli from the beam. In each rib 
nine small holes were drilled to the depth of the surface of the 
beam, for the purpose of inserting pins attached to a delicate 
measuring instrument ; the intention being to ascertain the posi- 
tion of the neutral axis by measuring the distance of the holes in 
the vertical ribs when the beam was placed under different strains. 
The measuring instrument consisted of a bar of box-wood, in 
which was firmly inserted, at one end, a piece of brass, carrying a 
steel pin ; and at the other end a similar piece of brass, carrying 
the socket of an adjusting screw. The adjusting screw moved a 
brass slide, in the manner shown in Plate VI., which carried another 
pin similar to that inserted in the box-wood bar, at the other end 
of the instrument. The instrument was first made entirely of 
brass ; but the effects of expansion from the heat of the hand were 
so sensible, that the wooden bar was substituted. The pins on the 
instrument fitted loosely into holes in the beam ; and the mode of 
using the instrument was, to bring the pins up by means of the 
screw against the side of the holes with a certain degree of pressure, 
which, with a little practice in using the instrument, was attained 
with considerable accuracy. 

Two beams were employed in order to avoid errors which might 
arise from accidental irregularities in the metal. The head of the 
adjusting screw was graduated to 100 divisions, and the screw bad 
43*9 threads to the inch, so that one division was equal to ^ jg^t h 
of an inch. 

The measurements were, in all cases, taken by the outsider of 
the pins of the measuring instrument ; and when the instrument 
read zero, the actual distance of the outer sides of the two pins 
was VA^' inches, so that the constant number 51661 being added 
to the micrometer readings gives, in each case, the total distance 
in terms of ^ jg^ th of an inch. The form and dimensions of these 
beams are given in Plate VII. 

The measurements were taken four times in each position of 
the beam, and the error of measurement did not generally ex- 
ceed from one to two divisions ; but if in the four observations 
an error amounting to more than four was found, it was corrected 
by remeasurement 

The numbers given in the following Tables are the micrometer 
readings, and the Tneana of four observations in each case. In 
these experiments more than 3000 measurements were takep ; but 
to avoid unnecessary figures, only the more prominent results are 
given. 
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Table No. I. contains the measurements of the centre division 
of the first beam under eight different conditions. 

Table No. II. contains similar measurements of the second 
beam. 

In the first experiment it was found that, when the beam was 
inverted, the measuring instrument appeared to bear upon a 
different part of the holes, so that a direct comparison between 
the distances, in the beam erect and inverted, cannot be made 
with the same accuracy as the comparisons of diff^ent strains 
upon the beam when in the same position. The first beam had 
been subjected to strain for the purpose of testing the measuring 
instrument previous to these experiments being made ; but the 
second beam had not ; and it will be seen that the effect of the 
strains in the latter case caused a permanent lengthening of 
the beam. The same strain was frequently applied afterwards, 
but I could not observe any increase of this effect. There was 
certaitdy a further apparent lengthening of both beams ; but I 
ascertained that this arose from a slight wearing of the working 
parts of the measm^ing instrument, from the great number of 
measurements taken. In both experiments the beam was measured, 
first, in an erect position ; and secondly, inverted ; but in the 
Tables, the measurements of the same parts of the beam are placed 
opposite each other, so that they may be compared throughout 
with greater facility. 
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Considering the very minute quantities which had to be 
measured, and the numerous causes of disturbance to which 
observations of so much delicacy were liable, such as changes of 
temperature or want of perfect uniformity in the dimensions or 
texture of the beams, the results, as shown by the column of 
differences, exhibit more regularity than could have been expected ; 
and they point out the position of the neutral axis, as the centre 
of the beam, in a manner so decided, as to remove all further 
doubt upon this subject, not only in the smaller strains, but in the 
larger ones also ; which, in the case of the second beam, were carried 
to about three-fourths of the breakieg weight. 

It will be observed also that the extensions and compressions 
increase in an arithmetical ratio from the centre to the extreme 
upper and lower sides of the beam. 

These experiments having established the fact that the neutral 
axis is in the centre of a rectangular beam, and that its position is 
not sensibly altered by variations in the amount of strain applied, it 
becomes evident that if there were no other elements of strength 
than the resistances to direct extension and compression, the well- 
known formula 

^ = -37^ 

should give the breaking weight when /is equal to the smaller of 
these two resistances, which in cast iron is the tensile resist- 
ance. But the weight so calculated is less than half the actual 
strength of the beam. 

In considering this question, I was forcibly struck by the circum- 
stance, that, in applying the law of " ut ten&io aic vis'* to con- 
tiguous fibres, under different degrees of tension and compression, 
the effect of lateral adhesion is omitted, and each fibre is supposed 
to be capable of taking up the same degree of extension and 
compression from the same force as if it acted separately, and 
independently of the adjoining fibres. But it is well known as " 
a practical fact, that there is a powerful lateral action which tends 
to modify the effect of unequal strains. 

If, for example, a bar, abed, have a strain applied at efd 6, the 
portion efdb wiU not be extended so much as it would be if 
separated from acef, unless an equal strain is applied to the 
portion acef. And if a portion of a bar cannot be extended in 
proportion to the force applied to it, unless the contiguous part 
is equally strained, it follows that the outer poi-tions of a beam 
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c-^^h 



subjected to transverse strain will not be extended in pro- 
portion to the force applied, because the part 
nearer the neutral axis is not equally strained. 
The measurements made for obtaining the position 
of the neutral axis afford direct evidence on this 
point. 

In the first beam, a strain of 57861bs. caused an 
extension of twenty-eight divisions of the micro- 
meter ; the points measured were -f^ths of the depth 
of the beam. The extension at the outer fibres was 
therefore 28 x -j4=30 divisions. The micrometer 
reading before the strain was applied was 2111, 
and the total distance of the points measured was 

2111 + 51661 = 53772. The effect of the strain 

so 1 




caused therefore an extension of 



of 



6S772 1792-4 

the length. The beam was 7 feet 4 inches long, 
6 inches deep, and 2 inches thick ; and as 



W = 



or/ = 



_ 2 ad/ 
Zl 

._ 8?W 
^ 2ad 
3 X 88 X 5786 
2 X 12 X 6 



= 10,608 Ibfl. ; 



SO that, with a strain of 10,608 lbs. at the outer fibres, the extension 
produced was ■ ^^.^ of the length. 

But in referring to the experiments made by Mr. Hodgkinson, 
it will be seen that a force of 10,538, applied by direct tensile 
strain, extends cast iron i ^\ g th of its length, being nearly double 
that exhibited by the beam. 

In the second beam, a weight of 8000 lbs. (from the mean of 
two results) produced an extension of forty divisions, which at the 
extreme fibres will be 40-f|- = 44 divisions. - 

The mean reading of the micrometer, previous to the strain 
being applied, was 1439 ; therefore the extension was 

41 1 



61661 + 1489 



1207 



The strain at the outer fibres produced by this weight was 
14,666 lbs. ; so that 14,666 lbs. to the inch caused an extension of 

i-gVr^^ ^^ ^^® length. 

But referring again to Hodgkinson's experiments on direct 
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tensile strain, a weight of 14,793 lbs. produced an extension of 
•^^th of the length ; which is again nearly double that produced 
by the same strain when excited by a weight applied transversely. 

From these and other considerations I was led to think it 
probable that the effect of the lateral action of the fibres or 
particles of a beam, tending to modify the effect of the unequal 
strains and opposite forces, and thus diminishing the amount of 
extension and compression which would otherwise arise, con- 
stituted in effect a resistance to flexure; and it will be found 
that the following experiments fully confirm the existence of this 
resistance as an additional element of strength in beams ; and that 
it explains the apparent anomaly in the amount of tensile resist- 
ance when excited by direct and by transverse strains. 

Assuming the probability of a resistance, acting independently 
of, or in addition to, the resistance of direct tension and com- 
pression, and varying with the flexure, it occurred to me that it 
might be exhibited experimentally by casting open girders of 
the forms shown in figs. 2, 3, & 4 {see next page), having the same 
sectional area in the upper and lower ribs ; the same number of 
vertical ribs, but the distance between the horizontal ribs, and 
consequently the deflections of the girders, different. 

In these girders the neutral axis would necessarily be (like that 
of the solid beam) in the centre, and the sectional area of the ribs 
subjected to tension and compression being the same in each, the 
circumstances under which rupture would ensue would be similar, 
except in the amount of flexure. 

The formula for the strength of a girder of this form is as 
follows : — 

Let 

a » th6 united area oontained in the upper and lower ribs ; 
a* = the intenrening space ; 
c2 = the total depth ; 

c = the distance between the npper and lower ribs ; 
I a-, the length of bearing ; 
W s the breaking weight ; 
and F « the force required to prodnoe rupture in the extreme 
fibres or particles. 




Then 



or 



a 4- o^ = the total area of the reotaogle m, n, o, p, 
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The formula may also be obtained by calculating the moments 
in the usual way. Using the same letters as before, we have, for 
the distance of the centres of compression and extension, 

The force acting when F is the strain which breaks the outer 
fibre, will be 



Hence 



w; 

2 






or 



W = 



2Fa 
3^ 



( 



rf + c + 



d 



)• 



The value of W being obtained by experiment in each case, we 
have from the formula 

2a(^d+c+ —) 

and if the strength depended only on the direct tensile power of 
the material, F should in each case be constant, and equal to the 
direct tensile resistance ; but if, in addition to this, there existed 
another element of strength in the resistance occasioned by the 
lateral adhesion and varying with the flexure, the value of F would 
be found, in every case, greater than the tensile resistance, and to 
increase when the flexure increased. 

Four beams were cast of each form, of which the details, the 
exact dimensions, deflections, and breaking weights are given in 
the accompanying Table. The results were as follow, obtained 
from the mean of four experiments on each form of girder : — 



Description of beam. 


Total depth 
of beam. 


Sectional area 

of the 

two ribs. 


Distance 
between 
the ribs. 


Deflection 

with 

nine-tenths 

of breaking 

weight. 


Breaking 
weight. 


Form No. 2 
Form No. 3 . 
Form No. 4 


in. 
2^51 
3-00 
4-00 


in. 
1-98 
2-00 
1-98 


in. 

•64 
1^00 
2 03 


in. 
•610 
•401 
•301 


lbs. 
2468 
3119 
4339 



The value of F being derived from each of these results by the 
formula 

SlVf 



F = 



•( 



d + c + 



) 
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• Deflection. 


Value of F. 


Fonn No. 2 .... 

Form No. 8 

Form No. 4 .... 


•510 
-401 
•301 


85386 
31977 
28082 



The tensile strength of the metal obtained from the mean of eight 
experiments, given in the Appendix, was 18,750 ibs. ; here, there- 
fore, was decided evidence, first, that the value of F exceeded the 
tensile strength in all three forms, ajid that it increased with the 
increase of flexure. 

In connection with the above-described experiments, I made 
four others on solid beams having the same sectional area and 
length as the open girders ; and the mean of the four gave a 
breaking weight of 1888 lbs. Obtaining the value of F from these 
experiments, we have, — 

Deflection with nine-tenths of breaking weighty *670. 
Valne of F, 41709 »«., 

which again exhibits an increase in the value of F, with an increase 
in the deflection. 

The foregoing experiments having shown that in girders con- 
taining the same depth of metal, the resistance arising from the 
lateral action of the particles depended on the amount of the 
flexure, I thought it desirable to make other experiments to 
ascertain how this resistance varied in girders having the same 
total depth, and consequently nearly the same deflection, but with 
difierent depths of metal in the girder. For this purpose beams 
were cast of the forms Nos. 5, 6 and 7, each 4 inches deep, 
and with the upper and lower ribs li inch by f inch, the ribs 
being placed as shown in the figures, so that the depth of the 
metal in No. 5 was twice as great as in Noa 6 and 7. 

Four beams were cast of each form, — the exact dimensions and 
breaking weights are given in the Appendix, — and the mean 
results were as follow : — 



Deacilptlon of beam. 


Depth 
of beam. 


Depth I Sectional 
of metaL | area. 


Deflection. 


Breaking 
weight. 


Form No. 5 
Form No. 6 . 
Form No. 7 


4-04 
4-04 
4-07 


• 8-01 
1-48 
1-56 


2-320 
2-230 
2-380 


•822 
•810 
•262 


5141 
5147 
6000 



Obtaining the value of F from these experiments, and compar- 
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ing them with beam No. 4, which had the same total depth, we 
have — 





Doflection. 


Depth of metaL 


Value of F. 


Form No. 5 . 
Form No. 4 . . 
Form No. 7 . . . 
Form No. 6 . . . 


•322 
•801 
•262 
•310 


8-01 
1-97 
1-56 

1-43 


87408 
28032 
27908 
25271 



These experiments did not afford so complete a comparison as 
the fonner series, because the intervals between the vertical ribs 
were not equal, nor in the same proportion to the depth of metal, 
the effect of which would be to vary to some extent the form of 
the curve of deflection. Nevertheless, they show in an equally 
decided manner, that when the deflection is the same the re- 
sistance increases when the depth of metal in the beam is 
increased. 

The foregoing experiments have therefore elicited three facts 
as regards beams formed of two parallel bars separated at given 
intervals by vertical ribs : — 

First, that in every case the resistance, or the value of F, is 
greater than that due to the tensile resistance of the metal 

Secondly, that with the same depth of metal in the beam, 
and the same distance of bearing, the resistance is greater when 
the deflection is greater. 

Thirdly, that with the same deflection and the same length 
of bearing, the resistance is greater when the depth of metal in 
the beam is greater. 

And it follows from these results, that there is an element of 
strength depending on the amount of deflection in connection with 
the depth of metal in the beam, or in other words, dependent 
upon the degree of flexure to which the metal forming the beam 
is subjected. 

The existence of an element of strength in addition to the 
resistances to direct tension and compression being clearly proved 
by these experiments, it becomes interesting to ascertain the law 
imder which it varies, in the form of beams experimented upon. 

Now if from the value of F, the tensile strength of the metal 
is deducted ; it will be found that the remainder maintains 
nearly a constant ratio in each case to the depth of the metal 
in the beam multiplied by its deflection. It would appear, there- 
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force, that the total resistance, or the value of F, is composed of 
two quantities ; one being constant and limited by the resistance 
to direct tension, and the other varying directly as the degree of 
flexure to which the metal forming the beam is subjected. 

The applicability of this simple law may be tested by the results 
of the experiments, as follows :-^ 

Let 

^ = the reuBtanoe to fleziire in the solid beam at the time of rapture ; 

and let 

D =* the depth, 
8 = the deflection,* 
/ = teniile resiatance, 

and 

F = total reeistance. 

Then in the solid beam 
/+ *-F; 

and let F, D' and b', represent the total resistance, depth of metal, 
and deflection of any other of the beams; then, the lengths 
being equal, if the resistance arising from the lateral action 
varies as the depth of metal into the deflection. 

The value of ^ may be determined from this equation, applied 
to each of the experiments, in two ways ; first, by supposing /to 
be a constant quantity; and secondly, by supposing/ and <^ to 
have a constant ratio. 

By the first mode, the whole of the errors of observation and 
irregularities of the strength of the metal would be accumulated 
in <f>. By the second method, these irregularities will be divided 
between the values of/ and if>. • 

Adopting therefore the second method, let 1 to m represent the 
ratio of/ to 4> < then 

and 






or 



♦ = 



m + 



which ought to be a constant quantity in all the experiments. 

We cannot obtain the deflections of the line of rupture, but 
they may be assumed to be proportional to the deflections with 
^ths of the breaking weights in each case. 

L 2 
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Now the value of F in the solid beam was found to be 
41,709 fts. ; and the value of /, from the experiments on direct 
tension, was 18,750 lbs. : and as in the solid beam 

/ + 4» = F, 

^ will be 22,959 lbs., 

and the ratio of <^ to / will be as 1 to '81. 

For the purpose of comparison, I have deduced the value of / 
and (f), in solid beams, from the experiments of Mr. Hodgkinson 
on ten different descriptions of metal; the results of which are 
given in the following Table : — 



Description of iron. 


Transverae 

strength of bar 

1 inch square 

and 54 inches 


Tensile 
strength per 


Value of/ + p 

from 
ibe formula 


1 

Value of 9 from 
the formula 
iad(f+t\ 




"- SI ' 


1 




between 
the supports. 


square inch. 


iad(f+f>) 






"" Zl ' 


1 




lbs. 


lbs. 


lbs. 


lbs. 


i 


Carron Iron No. 2, cold blast 


476 


16,688 


38,666 


21,873 




Carron Iron No. 2, hot blast 


463 


13,605 


37,603 


28,998 




Carron Iron No. 8, cold blast 


446 


14,200 


86,126 


21,926 




Carron Iron No. 8, hot blast 


627 


17,756 


42,687 


24,932 




Devon Iron No. 3, bot blast 


687 


21,907 


43,497 


21,690 




Bnffery Iron No. 1, cold blast 


463 


17,466 


87,503 


20,037 




Buflfery Iron No. 1, hot blast 


436 


13,434 


36,316 


21,882 




Coed-Talon Iron No. 2, cold 1 
blast . . 


413 


18,865 


38,463 


14,698 




Coed-Talon Iron No. 2, hot 
blast . 


416 


16,676 


33,696 


17,020 




Low Moor Iron No. 8, cold ' 
blast . • . J 


467 


14,636 


87,827 


28,292 




• 

Means . 464 


. 16,602 


37,616 


21,114 



The mean ratio of <^ to / in these metals appears to be as 1 
to "78. The metal used in my experiments was a mixture con- 
sisting of two-thirds of South Staffordshire No. 3, hot blast pig, 
and one-third old metal recast. As compared with Mr. Hodg- 
kinson's experiments, its strength accorded nearly with that of the 
Carron iron No. 3, hot blast. 

The mean ratio of <^ to/, obtained from Mr. Hodgkinson's ex- 
periments, being as 1 to 78, and from the experiments herein 
detailed being as 1 to '81, we may consider /to be four-fifths of 
(j) ; and therefore 

m = -8. 
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Using this ratio, the values of <^ and /, derived from the formula 



4> = 



m + 



D8 

and 

as applied to each of the experiments, are given below : — 

41700 
No. 1. ^ - ^^ — - = 23,171 Ibi., / = 18,687 lbs. 



No. 2. ♦ = ^^^52 = 22,904 Ib«.,/= 18,823 fts. 



No. 3. ^ « ^^^ — - = 22,890 Iba., / » 18,812 ft«. 



No. 4. 4> = C ^r — ^,-- = 22,606 fte.,/ = 18,085 Ibe. 



•8 + 


2-012 X -670 


1-848 
85886 


•8 + 


1-97 X -510 


1-848 
81977 


•8 + 


2-01 X -401 i 


1-348 
28082 


•8 + 


1-97 X -301 


1-848 

87408 


•8 + 


8-01 X -322 


1-348 
25270 


•8 + 


1-48 X -810 


1-848 
27908 


•8 + 


1-66 X -262 



No. 5. 4> - ^^^i^ — rrr- = 24,626 lb«., / « 19,501 Vtm. 



No. 6. ^ = —^ — ~— = 22,167 Ibfl.,/= 17,784 Ibd. 



No. 7. 4> = ^TTT — 7:^r = 25,802 Ibi., / = 20,242 lt«. 



These results, though not exhibiting complete regularity, are 
sufficiently uniform to indicate that the assumed law of the 
variation of this resistance is a close approximation to the truth. 
It will be observed also, that Nos. 2, 3, 4 and 6, give a smaller 
value of than Nos. 1, 5 and 7, which probably arises from the 
difference in the proportion which the distance between the 
vertical ribs bears to the depth of the metal; a circumstance 
which would affect, to some extent, the form of the curve of 
deflection. 

P' 1/8' 

In the formula <^ = p-^j ^-- represents the ratio of the 

depth of metal in each beam multiplied by its deflection, to the 
depth of metal in the solid beam multiplied by its deflection. 
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But the deflections, as might have been expected from known laws, 

were nearly in the inverse ratio of the total depths of each girder ; 

therefore the degree of flexure, and consequently the resistance to 

flexure in each, will be nearly as the depth of metal divided by the 

total depth of the girder, and we are thus enabled to obtain a 

formula for computing, approximately, the breaking weights of 

these girders, without first ascertaining their deflection. 

Using the same letters as before, we have, for the resistance 

due to tension, 

2a/, c* \ . 



8 



K 



d + c + 



c» \ 4>D 



and for the resistance to flexure, 

2 a/. 

and consequently, for the united effect of the two resistances, 

I shall therefore conclude these observations by comparing the 
breaking weights computed for tensile resistance alone, and those 
obtained jfrom the formula which includes the resistance to flexure, 
with the actual breaking weights and deflections obtained by the 
experiments, taking the value of / = 18,750 lbs., and <^ = 
23,000 lbs. 




Depth. 



Sectional 
area. 







®f .3 3 

ifcl 



H 



■V* 

I'SS 



n 






No. 1 
No. 2 
No. 8 
No. 4 
No. 5 
No. 6 
No. 7 





ins. 


squArelns. 


ins. 


lbs. 


lbs. 




2 012 


2-025 


•670 


849 


1890 




2-61 


1-98 


•510 


1308 


2567 




8-01 


2 00 


•401 


1808 


3287 




4-00 


1-98 


•301 


2912 


4659 




4-04 


2-822 


•822 


2678 


4935 




404 


2-28 


•310 


8819 


5583 




4-07 


2-88 


•262 


4031 


5919 



Ibe. 
1888 
2468 
8084 
4358 
5141 
5147 
6000 



The accordance exhibited by the computed and the actual 
breaking weights, evinces the general accuracy of the formula^ as 
applied to this form of beam ; while these results, compared with 
those computed for direct tensile force alone, show how large a 
proportion of the strength of cast iron, when subjected to trans- 
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verse strain^ is due to thef resistance arising from the lateral 
action. 

It will also be seen that comparisons of the relative strengths of 
different forms of section^ calculated, as has been customary, on 
the assumption that the resistances are constant forces, or governed 
by a constant coelBScient, must be entirely fallacious. 

ExperimenU o% Dinet Tention, 





} 
I 



& 
§■ 



1-^ 



4\ 






RXMARXS. 



1. 

2. 

8. 
4. 
5. 
6. 
7. 
8. 



Mean. 



ins. 
1-0506 
1 0557 
10100 
1 0864 
1-0301 
1-0403 
1-0150 
1 -0200 



Ibfl. 
18,560 
19,680 
21,860 
16,320 
17,440 
16,320 
21,640 
22,200 



10323 19,190 



Ihs. 
18,840 
19,960 
21,500 
16,320 
17,440 
17,440 
21,920 
22,470 



A small air-bnbble. 

A small air-bubble. 

A small air-bubble at eomer, Tery small. 

Honey-oombed, 

Soond. 

A small aar-bnbble. 

Sound. 

Sound. 



J 



19,486 



Mean greatest weight supported, per inch 
Mean weight which broke the bar, per inch 



18,590 lbs. 
18,876 lbs. 



Considering the actual breaking weight to be between these two, 
and rather nearer the latter, when due allowance is made for the 
small air-bubbles, the mean breaking weight may be taken at 
18,750 lbs. per square inch. 

The forms of beam employed in the experiments described 
hitherto were only of two kinds, namely, soKd rectangular bars, 
and open beams or girders. 

The following are experiments made upon square bars broken 
on their sides, square bars broken on their angles, round bars, 
beams of the I section broken with the flanges horizontal, and 
similar beams broken with the flanges vertical m ; the object of 
these experiments being, to elucidate the general bearing of the 
subject more clearly, and to determine with greater precision the 
laws which govern this resistanca 
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Summary of Experiments on Trantoerse Strength, Sqwvre and rov/nd h<w» of one inch 

tectional area. 

Length of bearing 60 inohes. 



Square bars broken on their mdes. 


Number and form of section. 


Depth. 


Breadth. 


Sectional 
area. 


Breaking 
weight. 


No* 8 . • ^^*^ 


in. 

1-010 

1-010 

1-010 

1-020 

1-000 


in. 

1-020 

1-025 

1-020 

1-025 

1-020 


sq.in. 
1030 
1-035 
1-030 
1-045 
1-020 


lbs. 

505 

505 

561 

533 

533 


Mean • . • « 


1-010 


1-020 


1-082 


527 


Cylindrical bars. 


Number and form of section. 


Mean 
diameter. 




Sectional 
area. 


Breaking 
weight 


No. 9 . . ^HB 

V 


in. 

1-145 

1113 

1-115 

1-118 

1-120 




sq. in. 
1-030 
-972 
•976 
•981 
-985 


lbs. 

519 

505 

449 

449 

449 


Mean .... 


1-122 




•989 


474 


Square ban broken on their angles. 


Numbo* and form of section. 


Depth. 


Bide of 
square. 


Sectional 
area. 


Breaking 
weight. 


No. 10 . • ^B^^ 


in. 

1-442 

1-467 

1-450 

1-428 

1-428 


1-020 
1087 
1-026 
1-010 
1-010 


sq. in. 
1-040 
1076 
1-050 
1-020 
1-020 


tt»8. 

449 
421 
449 
449 
477 


Mean • . . . 


1-443 


1-020 


1-041 


449 
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Summary of Experimenia on Transverse Strength. Square and round bars of okbcvJt 

four inches sectional area* 

Length of bearing 60 inebes. 



Square bars broken on their sides. 



Number and torm of seotlon. 



No. 11 . . 




Mean . 



Depth. 



in. 

1-985 

1*990 

2-010 

2-000 



1-996 



Breadth. 



in. 

2-020 

2-015 

2-010 

1-990 



2-009 



Beetional 
area. 



aq. in. 
4-010 
4-010 
4-040 
8-980 



4-010 



Cylindiioal bars. 



Kumbo* and form of section. 



No. 12 . . 




Mean 
diameter. 



in. 

2-52 

2-52 

2-52 

2-51 



Mean . 



. . 



2-52 



Breadth. 



Sectional 



sq. in. 
4-987 
4-987 
4-987 
4*948 



4-977 



No. 18 . . 




Mean . 



2-20 
2-20 
2-19 
2-20 
2 19 



2-20 



8-801 
8-801 
8-767 
8-801 
8-767 



8-787 



Square bars broken on their angles. 



Knmber and form of section. 



Depth. 



No. 14 . 



Mean 




in. 

2-835 

2-842 

2-842 

2-820 



2-885 



Side of 
square. 



2-005 
2 010 
2010 
1-994 



2-005 



Sectional 



sq. in. 
4-020 
4-040 
4-040 
8-976 



4020 



Breaking 
weight. 



lbs. 
8303 
8808 
8448 
8863 



8478 



Breaking 
weight. 



lbs. 
4283 
4283 
4003 
4003 



4148 



8068 
2988 
8888 
8228 
2988 



8132 



Breaking 

weight. 



8128 
8268 
2848 
2708 



2988 
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Summary of Experimentt on Traruverae Strength. Oompoimd Sections. 

Lengtli of bearing 48 inches. 



Number and form of 
section. 


Total 
depth. 


Depth of 
metal in 
flanges. 


Distance 
between 
flanges. 


Breadth of 
flanges. 


Breadth of 

middle 

rib. 


Total 
breadth. 


Sectional 
area. 


Breaking 
weight. 




in. 


in. 


in. 


hL 


in. 


in. 


sq. In. 


lbs. 


• 


1"97 


•99 


•98 


1-44 


'55 


199 


2-61 


8810 


IHSMBB 


2 00 


100 


1-00 


1-60 


•47 


197 


2^47 


8560 


Bi^^Mt ^ ^^SII^B 


2-01 


1^01 


1-00 


V5i 


•48 


2 02 


2-62 


3786 


No. 16. ^ c 


2-08 


l^ll 


•97 


1-64 


•58 


2^07 


2-81 


3910 


^^■r^n^ 


2-07 


1-06 


1-01 


1-50 


•62 


2^02 


2 67 


4628 


JKm^^KKi 


2-07 


1^02 


1-05 


1-67 


•47 


2 04 


2-67 


4563 


\ 


2 06 


1-04 


102 


1^66 


•63 


2^09 


2^71 


4423 


Mean . 


2-04 


103 


1-00 


1-53 


•60 


2 03 


2-60 


4004 



Number and form of section. 



No. 16. 




Mean . 



i 



in. 
1*97 
1^96 
2 06 
2-04 
2 06 
2-06 
2 06 



2*02 



p 



in. 

•50 

•48 

•66 

•61 

•60 

•50 

•62 



•61 




Si 



i€ 



1 
'I 



in. 
•98 
00 
10 
02 
06 
02 
04 



103 



in. 

1^00 
•96 
•92 

1-00 
•98 

1^02 

100 



•98 



in. 



1 
1 
2 
2 
2 
2 



-98 
-96 
'02 
'02 
■04 
-04 



2^04 



2 02 



sq. in. 
2-43 
2 42 
2-76 
2-59 
2^67 
2-60 
2-63 



2*69 



60 . 



n 



> 



lbs. 
2368 
2288 
3128 
2568 
2420 
2648 
2668 



2669 



The neutral axis having been already shown to be in the centre 
of gravity of the section, we are enabled to test the accuracy of the 
existing theory, by comparing the resistance at the outer fibres or 
particles of each of the forms of beam, calculated upon that theory, 
with the actual tensile strength of the metal obtained by direct 
experiment. 

In any bar or beam, supported at the ends and loaded in the 
centre, — 



Let 



and 



/ represent the ultimate tension,* 
I the length, 
W the weight applied in the centre, 
d the depth, 

X any yaiiable distance from the neutral axis. 



* In those materials in which the resistance to compression is less than that of tension, 
f must be taken to represent the ultimate resistance to compression. 
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Then ^ will be the tension at the distance a?, and according to 

the principle of Leibnitz, the sum of all these resistances at the 
moment of rupture will be 

and including the equal resistance to compression 

which taken between the limits a; = and a; = c2, becomes 

In the case of rectangular bars, if the breadth = h, this expres- 
sion becomes 

i/6rf» = iZW . . . . (1.) 

In girders or bars of other forms, if y = the double ordinate 
corresponding with the distance Xy the general expression will be 

and when the form of section is symmetrical abore and below the 
neutral axis, 

2f^jyxdx^\ivr. 

From this general expression we obtain the following for the 
several forms experimented upon : — 

In the square bar broken on. its angle, if 

d = half the depth, 
y = 2 (d - ac), 

the complete integral of this between the limits a; = and x=^d 
will be 

•^-f- =JiW (2.) 

In like manner, in round bars, if 

d = half-depth or radias, 
y = 2 V{<J5' — «^)i 
ir = 8-1416..., 

then the complete integral is 

^^ = } 2 W . . . (3.) 

4 

In the open beam, the expression for the resistance is the same 
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as in the rectangular bar, except that here denoting the half-depth 
by D, and the half-distance between the bars by d^ the expression 

must be taken between the limits 05 = d and oj = D, which gives 

D» - d» 



26/ 



( 



) = JiW . 



(^) 




In the case of the section No. 15, broken with the flanges hori- 
zontal (see fig. 1), 
Pig.l. 

\ , , p D « depth. 

h = breadth of the centre rib. 
1/ ~ breadth of flanges a e + fd, 
i, d = half-distance of the flanges. 

The expression of the centre rib is 

1/6 D«, 

and for the flanges 

\k ^ 2JX/ P' - ^ \ . 

8 V D >/' 

and conseqnently the resistance to the whole section 
M will be 




¥ 



(jD.+i^^^)=iiW .(6.) 



In like manner, for section No. 16, broken with the flanges 
vertical (see fig. 2), 



^ 



Pig. 2. 

e c 




d = half-depth of the flange abed. 

b » width of the two flanges = 
he + CO. 

tP = depth of the centre rib. 

6' = breadth of the centre rib be- 
tween the flanges. 

2fbd^ 
Then -^ — = resistance of the flanges, 

2/6' d' 
■Jid o J — = resistance of centre rib ; 



S and consequently the total resistance will be 



2/, 



fv^ ^-^j =*^^- •(«•) 



With these formulsB we are enabled to calculate the resistance 
of the outer fibre under this generally accepted theory, in each of 
the sections. 
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The following Table shows the results : — 

Fonn of seotion. Length Breakiiig Value of/, or the 

of beuing. weight oaloolated reslatBDce 
in. Smb. at the outer fibre. 

No. 6.* Open girder .... 60 5147 25,271 

No. 7. Open girder 60 6000 27,908 

No. 4. Open girder .... 60 4339 28,032 

No. 8. Opengprder 60 8119 31,977 

No. 2. Open girder .... 60 2468 85,886 

No. 5. Open girder 60 5141 87,408 

No. 1. Solid rectangular 2 X 1 inches . 60 1888 41,709 

No. 8. Square 1x1 inch . . . 60 527 45,630 

No. 9. Bound bar 1 inch area . 60 474 51,396 

No. 10. Square bar broken diagonally . 60 449 53,966 

Compound Secttom. 

No. 15. I Section, flanges horisontal . 48 4008 37,508 

No. 16. M Section, flanges Tcrtical . . 48 2569 48,858 

Solid hart of 4 inches tecHondl area and upwards. 

No. 11. Square bar broken on its side . 60 8478 89,094 

No. 12. Bound bar 24 Inches diameter . 60 4148 89,560 

No. 13. Bound bar 2} inches diameter . 60 8132 44,957 

No. 14. Square bar broken on its angle . 60 2988 47,746 

It will be seen from these results, that the apparent resistance 
at the outer fibre, computed on the principles of this theory, varies 
from 25,271 lbs. to 53,966 lbs. ; while the tensile strength of the 
metal, as obtained by experiments on direct tension, averages only 
18,750 lbs. This discrepancy and variation will be found to arise 
from the omission of the resistance consequent on the molecular 
disturbance accompanying curvature. 

In my former paper a formula was given by which the diflference 
between the tensile strength and the apparent resistance at the 
outer fibre could be computed, approximately, in solid rectangular 
beams and open girders. I now propose to trace the operation of 
the resistance of flexure, considered as a separate element of 
strength, and to show its effect in each of the above forms of 
section. 

The theoiy at present acted upon, proceeds on the assumption 
that there are only two'resistances in a beam, namely, tension and 
compression ; but this supposition fails to account, not only for the 
strength, but also for the visible changes of figure which arise 
under transverse strain. 

li abdc (fig. 3) represent the centre portion of a solid rectan- 
gular beam before any strain is applied, kghiia the figure which 

* For diagrams from No. 1 to 7 indasiYe, see Plate YII.; for remaining numbers, see 
figures in preceding Tables. 
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this portion will assume when subjected to transverse strain, the 
beam being supposed to be supported at the centre/, and loaded 
at its extremities. 

Fig. 8. 




In this change of figure it will be observed that there are three 
effects ; — 

First, an extension of the fibres or particles, commencing at the 
neutral axis InTn, and increasing to the upper portion of the 
beam. 

Secondly, a compression of the fibres or particles from the 
neutral axis to the lower portions of the beam ; and 

Thirdly, the planes or surfaces ale and brad are forced down- 
wards to the distance ep,no and fq. 

There are, in fact, two distinct changes of figure : — 





• 

— T" 





There is the change produced by the tension and compression, 
which, if acting alone, would result in the figure efhg ; and there 
is the change produced by curvature, which, if acting alone, would 



I 
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result in the figure Ipnorw,. The effect produced by the curva- 
ture is, to cause the sides or planes h d and a c to descend parallel 
to themselves ; the effect produced by the tension and compression 
is, to cause these planes to turn about the neutral axis. The com- 
bination of these effects is necessary to produce the figure which a 
beam assumes when placed under transverse strain; and the 
changes of figure point out distinctly the nature of the resistances. 
For as it was shown by the measurements taken in the experi- 
ments on the neutral axis, that the lines or planes corresponding 
to a c and b d remained straight, whatever was the amount of 
their angular motion, it follows that the tensions and compressions 
will increase in an arithmetical ratio from the neutral axis to the 
outer portions of the beam. But the effect of flexure causes the 
planes corresponding to a c and bd to descend an equal extent 
throughout their surfaces ; the resistance to this change of figure 
will therefore be a force distributed evenly over the whole surfaca 

I{ abed were a series of horizontal laminae, these two changes 
of figure might be obtained separately; efhg heing the result of 
the strains applied in the direction of the length, and Inom that 
of a strain applied at right angles to the length. 

But if the laminae are all united together, the elastic reaction of 
the mass causes certain fixed relations to be established between 
the curvature and the angles formed by the planes which were at 
right angles to the length, prior to the strain being applied. 

Of these relations, it is suflScient for the present purpose to 
point out that which subsists between the degree of extension and 
compression, and the amount of curvature. 

Referring again to fig. 3, if 6 represents any point in the upper 
surface of a solid beam, before strain is applied, and g the same 
point when loaded, br* will vary directly asrg. But rg repre- 
sents the difference between the extension of the fibre, at or 
nearest the neutral axis, and that at the outer portion of the 
beam ; therefore the resistance to flexure will vary directly as this 
difference. 

In the case of the open beam, the resistance to flexure being 
only due to that of the bar deflected, whereas the ultimate deflec- 
tion of the beam is equal to that of a solid beam of the same total 
depth, the resistance of flexure in the open beam will be to that of 
the solid beam, at the moment of i-upture, as the depth of the bar 
to the half-depth of the beam ; and this is also proportional to the 

* r, which is not represented in the figure, is the intersection of the lines hm^ p g. 
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difference between the extension of the fibres nearest the neutral 
axis, and those at the outer portion of the beam. 

The foregoing consideration of the subject, therefore, points 
out the following properties as belonging to the resistance of 
flexure : — 

1st. That it is a resistance acting in addition to the direct 
extension and compression. 

2nd. That it is evenly distributed over the surface, and conse- 
quently (within the limits of its operation) its points of action will 
be at the centres of gravity of the half-section. 

3rd. That this uniform resistance is due to the lateral cohesion 
of the adjacent surfaces of the fibres or particles, and to the elastic 
reaction which thus ensues between the portions of a beam 
unequally strained. 

4th. That it is proportional to, and varies with, the inequality 
of strain between the fibres or particles nearest the neutral axis 
and those most remote. 

We are enabled, under the above-mentioned conditions, to 
arrive at the relation between the straining and resisting forces in 
any of the forms of section experimented upon, as resulting from 
the combined effect of the resistances of tension, compression, and 
flexure. 

Using the same letters as before to represent the tension, 
weight, length, depth, &c., let <j} = the resistance of flexure acting 
as a force evenly spread over the surface of the section. 

Then, instead of the expression ^, as representing the re- 
sistance at the distance x, we shall have, according to the pre- 
ceding view, the expression 

and these forces acting as before, the moment will be 

The sum of these moments, including those above and below the 
neutral axis, will be 

which, taken between the limits a; = and x = d, becomes 

I 

J 



/ 
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Taking y = the double ordinate corresponding to the distance x, 
the general expression, when the sections are symmetrical above 
and below the neutral axis, will be 

From this general expression the following are obtained for the 
several forms experimented upon : — 

First, in the case of the square or rectangular bar, 

2(i/+ il>)hd^^iiw . . . (7.) 

For the square when broken angleways, 

(kf+l1>)^=llW . . . (8.) 
For the round bars, 

For the open bar, since the resistance to flexure depends on the 
inequality of extension between the part nearest and that most 
remote from the neutral axis, if d' = the depth of the bar, and D 
the half-depth of the beam, the resistance to flexure at the 
moment of rupture will be <^ ^ or multiplied by d' b, 

d^ 

and this resistance acting at the distance D — -^ , we have, for the 
whole resistance, 

=^*l^r^-?(»-f>! = i'w . . (10.) 

In the case of section No. 15, broken with the flanges hori* 
zontal, the expression for the centre part will be 

and for the flanges, 

and consequently for the whole section, 

2a/+4^)ftl>» + 26 {^^^-fjf^ ^-Y C^- 1")^ | = UW. (11.) 

And lastly, for section No. 16 (fig. 2), broken with the flanges 
vertical, the expression for the flanges will be 

2(i/ + 4 4>)id»; 
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and for the centre part^ 



2(4/+ 4^) 



6'rf'» 



and therefore, for the whole section, 



2(4/+4-^)(6rf'+^) = JiW 



(12.) 



These formulaB, applied to the several forms of beams experi- 
mented upon, give the following equations : — 



No. 
No. 
No. 
No. 
No. 
No. 
No. 
No. 



1. 
2. 
8. 
4. 
5. 
6. 
7. 
8. 



1 
1 
2 
2 
8 



•67062 / + 

/ + 
/ + 

'it 

/ + 



0425 
4478 
8297 
0625 
0564 
8-2227 
•1784 



1-0059^ 
11813^ 
1 '3888 ^ 
1-4698 <> 
2-2048 4> 
1-3512 4> 
1-5059^ 
•2601 <> 



28320 
87020 
46260 
65295 
77115 
77205 
90000 
7906 



No. 9. 
No. W. 
No. 11. 
No. 12. 
No. 18. 
No. 14. 
No. 15. 
No. 16. 



•18867/ 
•12519/ 



1-3386 
1-6708 
10454 

•9484 
1^281 

•711 



/ 
/ 



+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 



•28541 ^ 
•25089 ^ 



2-0009 

2*6666 

1*7746 

1-8968 

1-126 

1-066 



4> 



7110 
6786 
62170 
62146 
46980 
44820 
48048 
80828 



If the metal were of precisely uniform strength, / and would 
be precisely constant quantities, and their value might be obtained 
from any two of these equations ; but as considerable variation 
occurs in the strength, even in castings of the same dimensions, 
and as a reduction of strength, per unit of section, is known to 
arise when the thickness of the metal is increased, the values of/ 
and ^ will necessarily vary, and can only be ascertained in each 
experiment by first establishing the ratio they bear to each other. 

For this purpose the first ten experiments may be used, all of 
which were made of metal of from three-quarters to one inch in 
thickness, the mean tensile strength of which was ascertained by 
direct experiment to be 18750 ibs. per inch. 

Using this value of /in each case, we have 

28820 - -67062 x 18750 



No. 1. ^ = 

No. 2. </» = 

No. 8. ^ » 

No. 4. ^ == 

No. 5. ^ == 

No. 6. ^ =s 

No. 7. 4> = 





1-0059 






87020 


- 1-0426 


X 


18760 




1-1818 






46260 


— 1-4478 


X 


18760 




1-8888 






66295 


— 2-8297 


X 


18760 




1-4698 






77116 


- 2-0626 


X 


18760 




2-2048 






77206 


- 8-0564 


X 


18760 




1-3612 






90000 


- 8-2227 


X 


18760 



1 -6069 



16664 

1474S 

14284 ' 

14667 

17442 

14726 

19640 
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7906 — -1784 X 18760 
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Nou 8. = 
No. 9. ^ « 
No. 10. ^ » 



7110 



•2601 
•18867 X 18750 



•23641 

6736 — -12619 x 18760 
•25089 

Mean Ttdne of ^ = 16673. 
Batlo of/ to ^ as 1 to •847. 



= 17892 



= 19168 



17623. 



If we use the following experiments of Mr. Hodgkinson's on the 
breaking weight of inch bars, of which the tensile strength was 
ascertained by direct experiment, the following resiQts are 
obtained :— 



Description of Iron. 




Tensile 
strength per 

inch of 
ihemetaL 


II 


Ratio of/to ^. 


Oarron Iron, No. 2, cold blast . 

Carron Iron, No. 2, hot blast . . . 

Garron Iron, No. 8, cold blast . 

Garron Iron, No. 3, hot blast . . . 

Devon Iron, No. 3, hot blast . 

Bnflfery Iron, No. 1, cold blast » . . 

Bnifery Iron, No. 1, hot blast. 

Coed-Talon Iron, No. 2, cold blast . . 

Coed-Talon Iron, No. 2, hot blast • 

Low Moor Iron, No. 3, oold blast . . 


lbs. 
476 
463 
446 
627 
637 
463 
436 
418 
416 
467 


lbs. 
16,683 
13,606 
14,200 
17,766 
21,907 
17,466 
13,434 
18,866 
16,676 
14,636 


lbs. 
14,682 
16,999 
14,617 
14,621 
14,393 
13,368 
14,688 
9,732 
11,347 
16,628 


Ito -874 
Ito 1-186 
1 to 1-029 
Ito -824 
Ito -667 
Ito -766 
Ito 1-086 
Ito -616 
Ito -682 
Ito 1*066 


Mean 


464 


16,602 


14,076 


Ito -863 



These results indicate that the ratio between the resistance of 
tension and the resistance of flexure varies in different qualities of 
metal, and this supposition appears confirmed by other experi- 
ments on rectangular bars, given in the " Report of the Commis- 
sioners on the Application of Iron to Railway Structures." The 
mean result, however, accords nearly with that of my own experi- 
ments, and shows that the resistance of flexure, computed as a 
force evenly distributed over the section, is almost nine-tenths of 
the tensile resistance. 

Employing this ratio of the values of/ and 0, and applying it 
to the equations resulting from the experiments on the tensile 

* The sign ^ is here nsed as the measure of the resistance considered as acting evenly 
OTcr the surfifiuse ; hence the yalne of ^, as here employed, wiU be two-thirds of the 
difference between the tensile resistance and the apparent resistance at the outer fibre in 
the rectangular bar. 

M 2 



/ 
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strength of the metal, as derived from each form of section, the 
deduced values of/ will be as follows : — 

Form of Girder. 

No. 1. SoUd rectangle /= 17,971 

No. 2. Open girder / = 17,582 

No. 3. Open girder /= 17,442 

No. 4. Open girder /= 17,882 

No. 6. Open girder /= 19,058 

No. 6. Open girder /= 18,070 

No. 7. Open girder /= 19,659 

No. 8. Sqoare bar, 1 inch section, broken on its side . . / = 19,399 

No. 9. Bound bar, 1 inch section . . . • / = 20,236 

No. 10. Square bar, 1 inch section, broken on its angle . • / = 19,213 

No. 11. Square bar, 4 inches section, broken on its side . • / = 16,644 

No. 12. Bound bar, 24 inches diameter / = 15,902 

No. 13. Bound bar, 2| inches diameter .... /= 17,778 

No. 14. Square bar, 4 inches sectional area, broken on its angle / = 16,878 

No. 15. Compound section, flanges horizontal . . ./= 20,942 

No. 16. Compound section, flanges yertical . . . /= 18,460 

The results thus obtained, though not perfectly regular, are 
within the limits of the variation exhibited by the metal. 

If the results be classified, — J 

The mean tensile strength, as obtained from the open girders, Ezperi- ) ■. ^ooo « 

mento Nos. 2, 3, 4, 5, 6, and 7, is j ^°^°^ 

From the soUd bar, No. 1 17971 

From the inch bars, square, round, and square bars broken diagonally, ) ioaia 
Nos. 8, 9, and 10 J ^^^^^ 

From the bars of 4 inches sectional area, square, round, and square / ^ /.gyv/v 
ban broken diagonaUy, Nos. 11, 12, 18, and 14 . . J ^^®"" 

From the compound sections, in which the metal vas half an inch thick . 19701 «, 

The variation in strength, as exhibited between the smaU and 
the large bars, is in a<5Cordance with the experiments made by 
Lieut.-Colonel James, and recorded in the " Report of the Com- ^ 

missioners upon the Application of Iron to Railway Structures.** 

The results obtained in all these varieties of form of section | 

being so far satisfactory, it appeared desirable to test the applica- 
tion of the formulae to other known experiments, of which the { 
following may be given as examples : — 

First, an experiment made by Mr. Hodgkinson, and 
fte ^ ama given in Tredgold's " Treatise on Cast Iron," 4th edit. 
The form of the beam is as shown in the figure. In 
this case, — 

D = 2-6626. 
* Bt*» b « -29. 

6' = 1*47, mean. 

d = 2 1678. 

d' = 1-406, mean. 

'4- {.77 -> / = 64. A 

W = 6678 ^ 
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And employing the fonnula used for the section No. 16, we have 

2-8681/ + 2-3476 <^ = 90153 ; 

and if be taken at nine-tenths of/, 

/ « 15086. 

The tensile strength thus computed, accords very closely with 
the quality of metal employed by Mr. Hodgkinson in that and 
other experiments made by him at that time on various forms of 
girders. 

In the Reports on the " Strength and other Properties of Metals 
for Cannon," made by the Officers of the Ordnance Department of 
the United States Government, some experiments are given upon 
the transverse strength of square and round bars of cast iron. 
These experiments were made with very great care by Major 
Wade, for the purpose of testing various qualities of metals and 
modes of treatment, by frequent recasting, and by keeping the 
metal for various periods of time under fusion. From each experi- 
ment, a constant is derived* for the purpose of comparing the 
relative strengths of metal; and in endeavouring to obtain the 
constant for round iron. Major Wade has employed the usually 
accepted theory of the transverse strain. He appears, however, to 
have found that the formula is defective, for he observes at p. 21 of 
the Report, — " A trial was made with cylindrical bars in lieu of 
square bars. These generally broke at a point distant from that 
pressed, and the results were so anomalous that the use of them 
was soon abandoned. The formula by which the strength of the 
round bars is computed, appears to be not quite correct ; for the 
unit of strength in the round bars is uniformly much higher than 
in the square bars cast from the same kind of iron." 

The following are the experimoDts on the round bars, with those 
on the square bars from the same metal ; and it will be seen, that 
if the tensile strength of the metal be computed by the formula 
here given, including the resistance to flexure, the discrepancy 
pointed out by Major Wade disappears ; and the tensile resistance, 
whether obtained for the round or the square bars, agrees very 
nearly with that derived from the experiments on direct tension 
under like circumstances. 
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ExperimeKU on the Transverse Strength of Catt Iron, made hy the Qficere of the 
Ordnance Department of the United States Cfwemment. 



Square ban. Length of bearing 20 inches. 



Description of lion. 



Number of 
experi- 
ment. 



Hours in 
fusion. 



Breadth. 



Depth. 



Breaking 
weight. 



Tensile resist* 

ance calculated 

from the for- ' 

raula, including 

resistance of 

flexure. 



Franklin Iron : 
Second fiuion . . 



Third faidon 



••{ 



Thixd fosioii . . 



Third fiuion . . 







In. 


9 


1* 


2-026 


10 


2 


2-000 


11 


2f 


1-994 


12 


2i 


1-989 


79 


2} 


1-975 


80 


2} 


1-977 


21 





2-025 


22 





2 020 


23 


1 


2-030 


24 


1 


2 030 


25 


2 


2-020 


26 


2 


2*050 


27 


8 


2-025 


28 


8 


2 035 


29 


i 


1-978 


80 


H 


1-930 


81 


8 


1-977 


32 


8J 


2-010 



in. 

2*058 

2-054 

2 008 

2018 

1-999 

2-008 

1-980 

1-990 

1-990 

1-990 

2050 

2-070 

2-060 

2-020 

2 003 

2-003 

2-028 

2-008 



lbs. 
12,712 
12,712 
13,960 
11,700 
14,569 
13,387 
12,987 
13,365 
15,363 
14,616 
13; 788 
14,850 
16,056 
16,722 
12,994 
15,300 
15,862 
16,172 



lbs. 
18,920 
19,233 
22, 1 49 
18,531 
23,666 
21,440 
20,882 
21,330 
24,396 
23,211 
20,735 
21,582 
23,852 
25,708 
20,904 
25,226 
24,904 
25,473 



Round bars. Length of bearing 20 inches. 



Description of iron. 



Number of 
experi- 
ment. 



Hours in 
fusion. 



Diameter. 



Breaking 
weight. 



Tensile resistance com- 
puted trom the formula, 
including resistance 
of flexure. 



Franklin Iron : 
Second fusion . . 



Third fusion . 



■\ 



Third fusion ' . • 







in. 


87 


1 


1-975 


88 


2 


1-950 


89 


8 


1-953 


40 


4 


1 975 


81 


t 


2-415 


82 


U 


2-420 


83 


24 


2-420 


84 


2} 


2-420 


85 


2} 


2-420 


83 


^ 


1-960 


84 


H 


1-970 


85 


3 


2-000 


86 


8f 


1-960 



lbs. 

7,920 

9,270 

9,481 

7,920 

16,425 

18,141 

20,419 

19,997 

18,225 

10,437 

8,665 

11,112 

10,606 



lbs. 
20,711 
25,188 
2.% 644 
20,711 
23,493 
25,788 
29,093 
28,425 
25,907 
27,927 
22,833 
27,984 
28,378 



J 
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The tensile strength of the same metal, as ascertained by direct 
experiment, is thus stated at p. 44 of the Eeport : — 



No. of fusion. 


Franklin Iron. 


6-pounder gun, 
3rd fusion. 


Gun No. 61, 
2nd and 8rd fusions. 


Mean. 


l8t 

2nd 

8id 

4th 

7th 


lbs. 
25,969 
29,143 
27,755 
30,039 

• • ■ 


lbs. 
15,861 
20,420 
24,383 
25,773 
29,690 


VbB. 
20,915 
24,781 
26,569 
27,906 



Although not bearing directly on this subject, I cannot refrain 
from calling attention to the extraordinary development of 
strength in cast iron, obtained in the experiments made by the 
United States Grovernment. It will be seen, on refening to the 
Reports from which the above Tables are taken, that by frequent 
recasting and keeping the metal under fusion during periods of 
from three to four hours, an increase of 60 per cent, is obtained ; 
and that the strength of the American iron so treated is more 
than double that of English under the usual mode of manu- 
facture. 

The general accordance presented between the value of the 
tensile resistance, obtained by direct experiment, and that com- 
puted by means of the foregoing formulae in so many varieties 
of form of section, is such as to confirm the view here taken 
of the laws which govern the action of the resistance of 
flexure. 

It remains only to refer to two points connected with it, first, as 
to the ratio it bears to the tensile resistance. If the metal were 
homogeneous and the elasticity perfect, it is probable that the 
resistance of flexure would be precisely equal to the tensile re- 
sistance, instead of bearing the ratio of nine-tenths, as found by 
experiment. It is evident, however, that it varies in diff-erent 
qualities of metal, and that the tensile resistance does not bear a 
constant ratio to the transverse strength. 

The following Table, taken from Major Wade's valuable Reports, 
shows, that with the same metal and different modes of casting, an 
increase of transverse strength is obtained, while a decrease takes 
place in the tensile resistance. 
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GuziB. 


TaoBYerse strength. 


Tensile strength. 


Specific gravity. 


Bar cut 
fromHun. 


Bar cast 
separate. 


Bar cut 
from gun. 


Bur cast 
separate. 


Bar cut 
fromgim. 


Bar cast 
separate. 


6-poander gnn, No. 6... 
6 -pounder gun. No. 8... 
8-mchgun» No. 64 ... 


8415 
9233 
8575 


9,880 

9,977 

10,176 


30,234 
31,087 
26,367 


29,143 
30,039 
24,683 


7-196 
7-278 
7-276 


7-263 
7-248 
7-331 


Mean 

Proportional 


8741 
1-000 


10,011 
11 45 


29,229 
1-000 


27,922 
•955 


7-250 
1-000 


7-281 
1004 



From the above, it appears that with a decrease of about one- 
twentieth in the tensile strength, there is an increase of nearly 
three-twentieths in the transverse strength. 

It is easy to conceive also, that though the resistance of flexure 
might be supposed to maintain nearly the same proportion to the 
tensile resistance in bodies similarly constituted, as for example 
crystalline substances, yet great variation may be expected to 
occur between crystalline and malleable and fibrous substances. 

The only other pcnnt to be referred to is, as to the limit of 
action of the resistance of flexure. It appears evident that in all 
the simple solid sections, the points of action of the resistance of 
flexure are the centres of gravity of the half-section ; while in the 
compound sections it is necessary to compute the centre rib and 
flanges as for two separate beams in which the resistance of 
flexure is diflferent, and has its point of action at the centre of 
gravity of the separate portions. 

It would appear that the elastic reaction developes this re- 
sistance to the fiill extent, when the section is such that a straight 
line may be drawn from every point at the outer portion to every 
point at the neutral axis within the section ; but that if the form 
of section is such that straight lines drawn from the outer fibres, 
or particles, to the neutral axis fall without the section (as in the 
case in the compound sections, Nos. 15 and 16), then it must be 
treated as two separate beams, each having that amount of re- 
sistance of flexure due to the depth of the metal contained in it. 



Resistance of Flexure in Wrought Iron, 

Although from the fact, that in a cast-iron beam (the section 
being a solid rectangle) the neutral axis was found to be at the 
centre of gravity of the section, it might have been inferred that 
the same would be found in wrought iron ; yet it was considered 
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desirable to ascertain it by actual measurement. Por this purpose 
two beams were taken, one of rolled iron, 7 feet 6 inches long, 
6 inches in depth, and 1^ inch in breadth ; the other of hammered 
iron, 8 feet long, 7i inches in depth, and If inch in breadth. 
Holes were drilled at about 6 inches on each side of the centre, or 
point of application of the strain, for the insertion of the pins of 
the measuring instrument. The holes were six in number, and 
placed at equal distances from the upper to the lower side of the 
beam ; and the experiments were conducted in the same manner 
as those made with the cast-iron beam before described. 



SxpenmetUfoT J>eiermin<U%on of NttUral Axis, 
Wrought Iron Beam (rolled iron). 



Depth 

Breadth • 
Length of bearing 



5*93 inchw. 
1*28 inch. 
60 inches. 



I- 

It 



i 






i 



1 



* go 
4* 



■«8S 



flSrH 



^ 



s 



Micro. 




Micrometer 




readings. 




readings. 




1741 


+ 25 


1766 


+ 13 


1769 


+ 14 


1783 


+ 7 


1653 


+ 5 


1658 


+ 5 


1787 


- 5 


1782 


+ 2 


1706 


-12 


1694 


- 8 


1746 


-23 


1723 


-11 



I 



■a 

8 



Micrometer 




Micrometer 


readings. 




readings. 


1779 


-88 


1741 


1790 


-22 


1768 


1663 


-10 


1658 


1784 


+ 2 


1786 


1686 


+ 22 


1708 


1712 

• 


+ 88 


1750 



-1 

• ■ • 

-1 

+ 2 
+ 4 



The same beam with the bearing distance increased to 84 inches. 






8 



•8 



w& 






S8 



^ 



i 



%3 

o 

g 



S 
^ 



2 
1 






al 



i 



1 



Mi 






^ 



i 



? 






^ 



4i 
s 



Micro. 
rnadlTigw 

1757 

1787 

1682 

1812 

1743 

1779 





Micro. 




Micro. 




Micro. 




Micro. 




Micro. 




readings. 




readings. 




readings. 




readings. 




readings. 


+ 86 


1793 


-36 


1757 


• •• 


1753 


-86 


1717 


+ 35 


1752 


+ 17 


1804 


-18 


1786 


-1 


1786 


-28 


1768 


+ 21 


1784 


+ 4 


1686 


- 3 


1683 


+ 1 


1683 


- 9 


1674 


+ 7 


1681 


-11 


1801 


+ 10 


1811 


-1 


1813 


+ 6 


1819 


- 5 


1814 


-26 


1717 


+ 24 


1741 


-2 


1739 


+ 24 


1763 


-21 


1742 


-39 


1740 


+ 40 


1780 


+ 1 


1779 


+ 35 


1814 


-38 


1776 



-1 

-2 
-2 
+ 1 
+ 8 
-3 
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ExperifMut for Determination of Neutral Axis. 

Wrongbt Iron Beam (hammered iron). 

Bepih 7*25 inches. 

Breadth 1*75 inch. 

Length of bearing . .88 inches. 



_ ® 



I 







'Si 



•i- 



^ 



i 



S 
A 




i 



^ 






■li 

8 

i 






Micro, 
readings. 
1660 
1599 
1624 
1643 
1456 
1401 



+ 24 

+ 18 

+ 7 
— 5 

-12 
-22 



Micro, 
readings. 

1584 

1617 

1631 

1638 

1444 

1379 



+ 21 
+ 10 
+ 4 
- 6 
-14 
—25 



Micro, 
readings. 

1605 

1627 

1635 

1632 

1430 

1354 





Micro. 




Micro. 




readings. 




readings. 


+ 18 


•1623 


-61 


1562 


+ 8 


1685 


-84 


1601 


- 2 


1633 


-15 


1618 


- 8 


1624 


+ 6 


1630 


-20 


1410 


+ 27 


1437 


-29 


1325 


+ 52 


1877 



+ 2 
+ 2 
- 6 
-13 

-^ 19 
-24 



Although the exten>sion8 and compressions are only about half 
that of cast iron, and consequently the liability to error in the 
measurements is increased in proportion, yet the experiments 
point out that the position of the neutral axis in wrought iron, 
like that of cast, is at the centre of gravity of the section, and that 
the action is the same in both materials, excepting as to the 

amount of the extensions and compressions with a given strain, 

I w 
The formula 2 (i/+</>J) hdP=z—^ given for cast ii*on, will 

therefore apply to wrought iron also. 

The relative values of / and </> are not so readily ascertained in 
wrought iron, because the material yields by bending and not by 
fracture. And another point requires consideration, namely, that 
the ultimate compressive strain which wrought ii-on is capable of 
sustaining is little more than half its ultimate tensile strength. 
But although there exists this disproportion as regards the ulti- 
mate resistances by tension and compression, the force required to 
overcome the elasticity of the material is nearly tjie same, whether 
applied as a compressive or a tensile strain ; the diflference being, 
that the force which overcomes the elasticity when applied as a 
compressive strain, leads to the destruction or distortion of the 

* PreTioas to these measurements being taken, a weight of 14,093 fibs, was applied on 
the end, eqnal to 28,186 lbs. on the centre of the beam, but was rednoed to 28,706 lbs. 
in the centre. The elastieity of the beam had, however, been overoome, as shown by the 
permanent set and by subsequent experiments on the same beam. 
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material ; while in the case of the tensile strain, the elasticity may 
be overcome long before the material yields by absolute rupture. 

134. Appendix to the foregoiTig pages. By Peter Barlow, Esq., 
F.R.S. Application of the preceding pri/nciplea to Bea/ms cmd 
Oirders of non-symmetrical section. 

In beams of symmetrical section the neutral axis corresponds 
with the centre of gravity, because in that case all the direct 
forces above and below that point are necessarily equal. But 
when the section is non-symmetrical, it is requisite, in order to 
determine the position of the neutral axis, to find that point in the 
section in which this condition has place, viz., that point below 
which the sum of all the direct resistances to tension and cur- 
vature are equal to all those above that point due to compression 
and curvature; then to find the sum of the moments of these 
resistances separately ; and finally, to equal them with the 
straining force. 

The double-flanged girder with unequal flanges forms' a good 

subject for testing the general application of the principles 
developed in the preceding pagea In such a girder, let 

a denote tbe whole depth of the girder ; 
m the thickness of the middle web; 
d the depth of the bottom flange ; 
df the depth of the npper flange ; 
6 the breadth of the former, minus m ; 
h the breadth of the latter, m»ni» m ; 

X the required distance of the neutral axis from the bottom of the girder ; 
of the distance of the same from the upper &oe of the girder ; 
t the tensile resistance of the lower fibres ; 
c the corresponding resistance to compression of the upper fibres. 

Now if we consider the centre rib as carried through the two 
flanges, the sum of the direct resistances due to the tension of the 
metal in the middle rib below x will he ^mxt, and the sum of 
those due to curvature or change of figure, mx(l>', or calling </> = ^, 
the whole direct resistance of this centi-al web below x will be 
^mxtb. Again, since the direct tensile resistance of the unsup- 
ported flange varies a^ the distance from the neutral axis, if we 
consider x as representing a constant quantity, and y any variable 

dist^oice from the neutral axis, 5 w^^ (taken between y = x and 

3/ = aj — d) becomes (d+-^^ bt, the sum of all the direct tensile 

resistances ; the resistance to change of figure being expressed 
simply hj dbt 
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The total direct resistance below the neutral axis is therefore 

In like manner^ the total direct resistance to compression above 
the neutral axis is 

which must be made equal to the former expression. 

But we must here observe, that the compression of the upper 
fibre c, is to the corresponding tension of the lower fibre t, bsx' to 
x; substituting accordingly, rejecting the common factor t, and 
observing that af = a —03, we find 



X = 



6ma + 4t{db + d'b') 

Having thus determined the position of the neutral axis, we 
have now to take the moments of these several direct forces both 
above and below that line, the formulaB for which are however 
already given in the preceding pages ; that for the lower part of 
the central web being -g-mD'f (D now representing x, the distance 
above found), and that for the unsupported flange being the same 
as in the open beam, viz.. 

This latter is, however, reducible to a more convenient form for 
numerical calculation, viz., to 

We have therefore 



#mD««+ (j)^-^"^dbt^K, 



the resistance below the neutral axis, and 

the resistance above the neutral axis. 

But c : f : : D' : D. We have, therefore, for the whole resistance 
above and below the neutral axis. 

If now we represent by w the breaking weight in any experi- 
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ment of a beam of given dimensions, and hj I the length, or rather 
the distance between the props, there is obtained the expression 



(b+ £^R')« = i^«;, 



an equation from which, when w and I are given, t may be deter- 
mined. Or if ^ be previously experimentally determined, w may 
be found. 

In order to submit these equations to the test of experience, we 
have selected fix)m the valuable and extensive series of experi- 
ments, by Eaton Hodgkinson, Esq., published in vol. v. of the 
" Memoirs of the Literary and Philosophical Society of Manchester," 
Second Series, a few experiments in which the girders diflfer most 
from each other in section, dimensions, and bearing distance ; and 
the results we obtain from the foregoing formulsB are given in the 
following pages, with the form of section and linear dimensions. 
It will be seen that the value of t, or the direct tensile strength of 
cast iron, thus obtained, falls generally between the Umits of ^ = 
14,000 and <=: 16,000. 

136, Experi/ments on the Transverse Strength of Cast Iron of 
various Sections. By Eaton Hodgkinson, Esq. 



EXPERIMENT 1. 

Beam with equal rib top and bottom. Distance between i 
the supports, 4 feet 6 inches ; depth of beam, 5^ inches. 



Area of top rib - 176 x -42 * -785 in. 
Do. bottom rib = 1*77 x -89 = -690 
Thickness of Tertioal part 1 _ ,2g 

between the ribs . . j 
Area of cross section . . =2 '82 
Weight of casting . 36^ lbs. 

Breaking weight . 6678 lbs. 

Compnted yalne of t = 14578. 



d 





r 




1 



I 



The form of fracture is represented by the line tbnr, where 
tr='6 inch and 6 n 2*5 inches, the figure being a side view of the 
beam. 
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BXPERIMBNT 2. 

I I Beam with sectional areas of top and bottom rib as 1 : 2. 

Difltanoe between the supports 4 feet 6 inolies, 

depth of beam 5} inches. 
Area of top rib 1*74 x 26 = -46 in. 
Do. of bottom rib 1-78 x -55 = '98 
Thickness of Tertical part . = *30 
Area of cross section . . = 2'87 
Weight of casting . . . 89 lbs. 
Breaking weight . . 7368 lbs. 
Computed value of < » 14128. 
Form of fracture nearly as in Bxperiment 1. 

EXPB&IMBNT 3. 



[lb 



I I Beam with top and bottom rib as 1 : 4. 



J 




Distance between the supports 4 feet 6 inches^ 

depth of beam 5k indiea. 
Area of top rib 1*07 x *30 « '32 in. 
Do. of botton rib 2-1 x -fi? = 1"2 
Thickness of the yertioal part = '32 
Area of cross section . =3*02 
; Weight of casting • , iOTtm. 
Breaking weight . 8270 Ibe. 

Computed value of t = 14006. 
Fracture as in Bxperiment 1 ; ( r = *6. 



BXFBRIMBNT 4. 

Beam cast in common form; Messrs. Fairbaim and lillie's 
model. 

Distance between supporta and depth of beam as before. 
Thickness at A » *32 
B = *44 
C = 45 
F B = 2*27 
D B = 62 
Area of section =3*2 in. 
Weight of casting = 40} Ste. 
Deflection with 6768 lbs. *26 in. 

7138 '37 

Breaking weight = 8720 lbs. 
Computed value of t = 13868. 

The beam twisted a little before breaking : this, however, was 
not usually the case in the other beams of the same model. 

Form of fracture as in figure ; tr =: '75 




r 



I 
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All the preceding experiments were made on beams cast on their 
side from iron of which the following is a description : 

i of Blaina, No. 2, \rn^i^ 
lofBlaina,No. 3,/^®*"- 
I of W. I. S., No. 8, ShropBhiie, 

This mixture is a strong iron, and therefore well suited for 
beama 

BXPBRIMBNT 7,* 

This was on a beam from the same model as that in Experiment 
4 ; it was cast erect, but upside down, as usual, and therefore 
ought not to be compared with the preceding ones. 

Distance between supports as before. 
Thickness at A = 'SO 
B = -37 
C = -426 
F E = 2-28 
DB= -58 
Area of the aboTO section = 2*28 inches. 
Weight of beam = 38 lbs. 
Deflection with 6679 lbs. '37 inch. 
9495 *60 

9297 *62 

Brealdng weight = 9503 lbs. 

It twirted in a serpentine manner before it broke. The form of fracture was nearly as 
in Experiment 4; but here tr = 1*0, and bn = 2*5. 

Memarh — ^In the future experiments, all the beams, except 
where otherwise stated, were cast erect, but upside down, as there 
is an accession of strength from that cause. Those in Experiments 
8, 9, 11, 12, and 21, were elliptical, and were indeed ftx)m the 
model of the first three experiments, its top and bottom ribs being 
further changed. 

EXPERIMENT 8. 

Beam from the same model as that of Experiment 3, the top 
rib in the casting being to the bottom as 1 to 3| nearly. 

Distance between supports as before. 

Area of top rib » 1*05 x '32 » 0*84 in. 

Do. of bottom rib s: 2^15 x "56 » 1*20 

Thicknen of yertical part ^ '33 

Area of cross section =» 3*08 inches. 

Weigh! of casting 39i lbs. 

Breaking weight 8268 lbs. - 78 owl 89 lbs. 

Il broke rery near to the middle. 

The form of fracture was nearly as in the figure to Experiment 1 ; but here i n s 2'5, 
and Irs '55. 




Experiments 5 and 6 are omitted, being defeotiye. 
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EXPERIMENT 9. 

In this the model of the above had 1 inch in breadth added to 
its bottom rib. 



w? 




Ratio of the ribs 1 to 4}, nearly. 

Distanoe between sapports as before. 

Area of top rib = 105 x '84 = 0-357 in. 

Do. of bottom rib = S'OS x •51 « 1-670 

Tbiokneia of rertical part = *805 

Area of section = 8 '37 inches. 

Weight of beam = 44} lbs. . 

Breaking weight = 10727 lbs. = 95 cwt. 87 lbs. 

Computed value of < = 14765. 

It broke by tension 4 inches from the middle, but slanting 
towards it ; and ih«re seemed to be a small flaw in the bottom 
rib^ at the place of fracture. 
Here tr = '6 inch. 



EXPERIMENT 10. 



Common beam, cast upside down, in the usual manner. This, 
like the rest, was from the same model as that in Experiment 4. 

Distance between supports as before. 



Thickness at A 

B 

C 

FE 

DE 

Area of section 

Weight of beam = 40i lbs. 

Breaking weight = 8823 lbs. 

It broke 14 inch from the middle. The form of fracture was nearly as in Experiment 4. 

Here 5n » 2'25, and < r = -8. 



29 

•425 

•46 
2-8 

•53 
3 '16 inches. 



BXPERDiBNT 11. 

Beam from model of Experiment 9, only its top and bottom rib 
altered as above. 

Ratio of rib 1 to 4, nearly. 

Distance between supports and depth as before. 

Area of top rib = 1-6 x •816 = 0*5 in. 

Do. bottom rib = 4*16 x -53 = 22 

Thickness of vertical part = '88 

Area of section = 4*50 inches. 

Weight of beam = 57 tbs. 

Deflection with 11186 lbs. - '40 in. 
12698 -45 

13706 -52 

Breaking weight - 14462 lbs. 
— I Computed Talue of < = 14832. 

.J It broke by tension 1 inch from the middle. 

6 11 » 2 '5 inches. 
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BXPSRIMBNT 12. 



The model of this beam differed from that of the last, in having 
a broader bottom flange. 



Ratio of rib 1 to 5i, nearly. 

Distaaca of support as before. 

Area of top rib » 1*56 x *815 » 0*49 in. 

Bo. bottom rib =: 5*17 x *56 = 2*89 

Thioknesa of yertioal part « *34 in. 

Area of aeetton a= 5 inches. 

Weight of beam = 67} lbs. 

Breaking weight » 16730 lbs. 

Compnted Talne oft » 14181. 






EXPERIMENT 13. 
Dittanoe between supports as before. 



Thickness at A 

B 



DB 

FB 

Area of section 



•29 

•425 

•53 

-565 
2-34 
8*32 inches. 



Weight of beam == 41 lbs. 
It broke at U inch from the middle with 8942 lbs. 

Form of Beam, altered. 

The beams in all the future experiments were of equal height 
through their whole length, and had their top and bottom ribs 
uniform in thickjiess, but tapering towai-ds the ends, the bottom 
rib being parabolic. They are represented below by the vertical 
plan and elevation, where the sections of their middle are as in 
the following Experiments ; and the sections, from their middle 
towards the ends, 9s in Experiments 11, 9, 3. 

PLAN. 




SLEVATIOK. 



C 




This form was adopted to save metal, by reducing the bottom 
rib, which was likely to become very large. 



IT 
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BXFEBIMBNT 14. 



I I 



Distance between sapports 4 feet 6 inchefly and depth of 

beam 5) inches, as before. 
Area of top rib - 2*8 x -815 =? '72 in. 
Do. bottom rib = 4*06 x *57 = 2*814 
Thickness of Tertical part = *S8 
Area of section » 4628 inches. 
Breaking weight = 15024 lbs. 

It broke bj tension very near to the middle. 



EXPERIMENT 15. 



In this Experiment the breadth of the bottom rib only was in- 
creased as before. 

Distance between supports and depth as before. 
Area of top rib = 2*85 x *29 - *68 in. 
Do. of bottom rib = 5'48 x -537 = 2*916 
Thickness of yertical part = *35 
Area of section = 5 '292 inches. 
Breaking weight » 16905 lbs. 
Computed ralne of i = 18918. 

It broke by tension. 

EXPEAIMBNT 16. 

Beam from the same model, but with further increased bottom 
rib. 

Distance between supports and depth as before. 
Aiea of bottom rib = 6*8 x 502 » 8*418 inches. 
Breaking weight «> 14886 lbs., nearly. 

EXPEEIMENT 17. 

Beam of the common form,, from the same model as the pre- 
ceding one. (See fig. to Experiment 4.) 

Distance between supports as before. 
Weight of casting = 89| lbs. 

Weight Deflection. 
6218 *28 inches. 
7188 -88 
Breaking weight s 7598 lbs. 

EXPERIMENT 18. 

Beam from the same model as that in Experiment 16. 

Distanoe of supports as before. 
Top rib = 2-8 X -28 = '64 in. 
Bottom rib = 6*61 x '54 » 8*57 
Thickness of Tertical part ^ *84 
Area of section s 5*86 inches. 
Weight of casting = 684 I^ 
Breaking weight <» 19441 lbs. 

This beam broke yery nearly in the middle by tension, as before. 
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EXPJBRIMENT 19. 

DiBtaooe of supports 4 feet 6 inches, and depth 

of beam 5| inehes, as before. 
Area of top rib » 2-S3 x '31 « -72 in. 
I>o. of bottom rib = 6*67 x '66 = 4*4 
Thickness of yertical part = *266 
Area of section s 6*4 or 6} inches. 
Weight of beam = 71 fbs. 
Breaking weight s 26084 lbs. 
Compnted valne of < = 15474. 

This beam broke in the middle by compression, a 
wedge separating from its upper side. 



/\ 



BXFEBIMENT 20. 

Beam from the same model as that in the last Experiment. 

Distance between supports as before. 
Area of top rib » 2*3 x *28 » *64in. 
Do. of bottom rib = 6*63 x '65 « 4*31 
Thickness of Tertioal part » '335 
Area of section 6*5, or 6i inches. 
Weight of beam » 74} lbs. 

It broke in the middle of the beam bj tension, with 28249 lbs., nearly. 

BXPBRIMBNT 21. 

This was an elliptical beam from the same model as that in 
Experiment 12, and those preceding it, the bottom rib being further 
increased, and being, like as in them, of equal breadth through the 
whole length of 5 feet. 

cm 

Distance between supports as before. ^ ^ 

Area of top rib = 1*54 x '32 » -493 in. 

Do. of bottom rib = 6*50 x *51 = 3*315 

Thickness of Tcrtical part = *34 

Ratio of ribs 6| to 1. 

Area of section =: 5*41 inches. 

It broke very near the middle by tension, with 
21009 lbs., nearly. 



c 



] 



BXPBBIMBNT 22. 

This beam was of the common foim, from the same model as 
before, for comparison with the three preceding ones. 

Distance between supports ss before. 
Thickness at A = *80 
B » '42 
C = -45 
D B = -61 
P B = 2*28 
Area of section = 3*17 inches. 
Weight of beam = 40 lbs. 

This besm bore 8965 lbs., and broke in the middle with 
considerably less than 9827 lbs. 
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EXPERIMENT 23. 





y X 



n 



Distance between sapports 7 feet. 
Depth of beam 4*1 inches. 
Area of top rib = 2*26 x -83 « '74 
Do. of bottom rib « 600 x '74 = 4 
Thickness of Tertical part = *40 
Area of section » 6*64 inches. 
Weight of casting » 114 fibs. 
Breaking weight = 6 tons 103 lbs. 
Computed valne oft = 16720 



in. 
•44 




/ \ 



EXPERIMENT 24. 

Distance between supports 7 feet. 
Depth of beam 5*2 inches. 
Area of top rib = 2*26 x '85 = '79 in. 
Do. of bottom rib = 6*00 x '77 = 4*62 
Thickness of vertieal part = '34 
Area of section = 6*94 inches. 
Weight of casting = 128 lbs. 
Breaking weight = 6 tons 15 cwi 9 lbs. 
Computed Talne off = 18612 



t=: 







EXPERIMENT 25. 

Distance between supports 7 feet. 
Depth of beam 6'0 inches. 
Area of top rib = 2'2 x -33 = '78 in. 
Do. of bottom rib = 5*95 x -75 * 4 46 
Thickness of vertical part » '855 
Area of section ^ 7*08 inches. 
Weight of casting « 1274 *«• 

It broke by tension in the middle with this last weighty 
15129 lbs., after standing a minute. 




EXPERIMENT 26. 



Distance between supports 7 feet. 
Depth of beam 6*93 inches. 
Area of top rib = 2-26 x -34 = 
Do. of bottom rib = 605 x '75 « 
Thickness of yertical part >» '38 
Area of section = 7*67 inches. 
Weight of casting « 146 lbs. 
Breaking weight — 9 tons 18 cwt 



Z] 



765 in. 
- 4-537 
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EXPBRIMBNT 27. 

Distance between rapports 7 feet 
Depth of beam 6*98 inches. 
Beam from the same model as the last 
Area of top rib = 2-26 x •32 = 72 in- 
Do. of bottom rib = 5 95 x '78 » 4*343 
Thickness of vertical part = *37 
Area of section = 7*40 inches. 
Weight of beam = 141 lbs. 
Breaking weight « 19049 lbs. 



EXPERIMENT 28. 



Distance between supports 4 feet 6 inishes. 

Depth of beam 5} inches. 

Weight of beam 81 fl>s. 

Area of top rib = 2-15 x '27 = •28 in. 

Do. of bottom rib = 674 x -71 = 4 785 

Thickness at A .... 25 
B half-way between flanges '37 
C .... -53 

Area of section 7 '20 inches. 

Breaking weight » 25144 lbs. 




EXPERIMENT 29. 

Distance between rapports 9 feet. 

Depth of beam 51 inches. 

Weight of beam » 170^ lbs. 

Area of top rib « 2'2 x '86 = ^79 in. 

Do. of bottom rib :» 7*0 x '69 = 4*83 

Thickness at A = -27 

B = -33 

C = -60 
Breaking weight ~ 11056 lbs. 



EXPERIMENT 80. 



Distance between rapports 9 feet 
Depth of beam 10| inches. 
Weight ofbeam 227 lbs. 



Area of top rib = 


21 


X -27 - 


•67 in. 


Do. ofbottom rib 6-14 


X '77 = 


4-72 


Thickness at A » 


•20 






B = 


•26 






= 


•35 






Breaking weight = 


: 28672 lbs. 




Computed Talue of 


t = 


14606 





B 



] 
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EXPfiKIMENT 81. 

Distanee between Bapports 4 feet 6 incbea. 

Deptb of beam 6*1 incbea. 

Weight of beam 88 Ibe. 

Area of top rib = 2 15 x '24 » *52 in. 

Do. of bottom rib = 7*60 x 72 = 5*472 

Thickjkeaa at A = *27 

B = -44 

0= -48 
Area of aeetion s 7*90inehe8. 
Breaking weight = 12 tona 11^ ewi. 



EXPERIMENT 82. 

IHatanoe between anpporta 9 feet. 

Depth of beam 5^ indiea. 

Weight of beam 192 lbs. 

Area of top rib = 2*25 x '8 = *67 in. 

Do. of bottom rib = 7*7 x '76 = 6*85 

Thickneaa at A = *86 

B = -42 

C « -60 
Breaking wttght = 15196 Ibe. 



EXPERIMENT 88. 

Diatanoe between anpporta 9 feet 

Depth of beam 10} inches. 

Weight of beam 244 Ibe. 

Area of top rib == S*2 x '88 » 73 in. 

Do. of bottom rib » 7*6 x '75 =» 5*70 

Thickneaa at A = '15 

B = '38 

0= -85 
Breaking weight ^ 82200 Iba. 



EXPERIMENT 84. 



Beam of common form, from the same model as before, and cast 
on its side for comparison. 




Diatanoe between anpporta 4 feet 6 inohea. 
Depth of beam in ita middle 5| inchea. 
Weight of beam 86^ Iba. 



Thickneaa at A = 


•27 


B = 


•40 


= 


•44 


FE = 


2*27 


DE = 


•46 



Area of aeetion = 2^921 inchea. 
Breaking weight = 8792 fibs. 
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EXFBEIMBNT 85. 

A beam of the common form^ and from the same model and 
iron, cast erect, as usual 

Distance between sapportB 4 feet 6 inches. 
Depth of beam in its middle 5^ inches. 
Weight of beam 87 lbs. 
Thickness at A =« -27 
B = -355 
C = -43 

FE » 2-26 

D B « -47 
Bx^aldng weight = 9044 lbs. 
Computed yalue of < = 15980. 

In the preceding investigation the breaking weight is given 
from which to determine the tensile resistance ; but the usual 
practical question is, to find the breaking weight, having first 
ascertained the tensile strength, which is of course simply to 
reverse the last operation. In the case of small beams, of the kind 
employed in the foregoing experiments, a sufficiently near approxi- 
mation, it will be seen, may be obtained by assuming t = 14,500 
or 15,000, except in peculiar kinds and mixtures of iron ; these 
will generally require a higher number, which must be previously 
determined. 

But it appears from the restdts of experiments by Mr. Hodgkin- 
son, given at page 111 of the "Appendix to the Report of the 
Commissioners on Railway Structures," and others by Lieut.- 
Colonel James, RE., page 251, &c., that a much lower value of t 
must be taken when the thickness of the casting becomes 2, 2^, or 
3 inches, as in large railway girders. Mr. Hodgkinson found that 
bars of 1, 2, and 3 inches square, broken on props having the same 
relative distances, manifested a decrease of strength in the propor- 
tion of 1, '780, 756 ; and Colonel James's experiments gave a still 
greater decrease, viz. of 1, 794, '624, and which, by other experi- 
ments, he traces to an imperfect crystallization of the interior 
particles, in consequence probably of the more rapid cooling of the 
exterior parts. It appears, therefore, that in those large castings 
commonly employed for railway bridges, it would not be safe to 
assume t at more than 10,000 lbs. 
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SXPRBIMSNTS BY Q. EBNNIB, Bso. 
136. On the Trantvene Strength of Catt Iron Ban of various Figures. 









Wefght 


1 


& 


^•9 


No. 


Description of Bar. 




of 
Bar. 


r 

s 


1 










lbs. oz. 


n. 


in. 


lbs. 


1 


Brf of 1 inch iqiiAre 




10 6 


8 





897 


2 


j Ditto of 1 inch ditto 

i Half the aboTo bar 




9 8 


2 


8 


1086 


8 






1 


4 


2320 


4 


Bar of 1 inch square through the diagonal 




2 8 


2 


8 


851 


B 


Half the above bar 






1 


4 


1687 


6 


Bar of 2 inches deep by 4 inch thick ... 




9 5 


2 


8 


2185 


7 


Half the above bar 






1 


4 


4508 


8 


Bar of S inches deep by | inch thick ... 




9 15 


2 


8 


3588 


9 


Half the above bar 






1 


4 


6854 


10 


Bar 4 inches by \ inch thick 




9 7 


2 


8 


3979 




Bqoilateral triangles, with the angle np and down : 










11 


/ Edge or angle up 


• • • • • ■ 


9 11 


2 


8 


1487 


12 


1 angle down 


• • ■ •• • 


9 7 


2 


8 


840 


18 


1 Half the first bar 


• • • • ■ • 




1 


4 


3059 


14 


( Half the second bar 


• • ■ ••• 




1 


4 


1656 




A feather-edged, or J_ bar waa east, whose dimensionB 












were: 












15 


j 2 inches deep by 2 wide, edge up 
(Half of ditto 


• « • • ■ • 


10 


2 


8 


3105 


16 


■ • • • • ■ 






■ 





N.B. All the above ban contained the same area, though differently distiibated as to 
their forma. 



137* BxperimenU made on Bare of 4 inehee deep 6y i inch thieky hy giving them 
different formi^ the hearing at 2 feet 8 inches, as brfore. 

lbs. 



17. Bar formed into a semi^ellipse weighed 7 lbs. 

18. Bo. pambolie on its lower edge 

19. Do. of 4 inches deep, 4 inch thick 



4000 
3860 
3979 



JStqperimeTits on the Transverse Strain of Bars, one end made fast^ the weight being 
suspended at the other at 2 feet 8 inches from the bearing, 

lbs. 

• •■ ••• •«• •«• ••• «OV 

• •• ••• ■■■ ••■ ••• v09 
■ •• ■•• ■•• •■■ ••• X^IV 



20. 
21. 
22. 
23. 



An inch square bar bore 

A bar 2 inches deep by 4 inch thick 

An inch bar, the ends made fast, bore 

The paradoxical conclusion of Emerson was tried, which states, by cutting 
off a portion of an equilateral triangle (see page 114 of Smeraon*8 " Mechanics**)* 
the bar is stronger than before, that is, a part stronger than the whole. The ends 
were loose, at 2 feet 8 inches apart, as before. The edge from which the part was 
intercepted was luwermost ; the weight was applied on the base above ; it broke 
with 1129 lbs., whereas in the other case it bore only 



840 



We have given the above Experiment as it is reported by Mr. 
Bennie ; but it is at variance, as well as Experiments 11, 12, 13, 
14, with all the similar experiments on wood, reported in Arts. 90-2. 
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On the Strength of Cast Iron Columns. 

188. The only experiments that have been made upon cast iron 
columns, are those by^Mr. Hodgkinson^but they are rather numerous, 
and in a certain degree comprehensive. They extend to above 200 
specimens, varying in their proportions from about 1 in 2 to 1 in 
120, and in their actual dimensions from | inch to 7 feet 6 inches 
in length.* The results of the experiments on flat-ended columns 
have been plotted in the accompanying diagram (Plate 8) to a 
vertical scale of the breaking weight in pounds per square inch of 
section, and a horizontcd scale of the proportions of the columns. 
Their general regularity is worthy of note, as is also the marked 
variation (more especially in the solid columns) at about 1 in 30, 
where the crushing of the material ceases, and buckling commences 
to be the sole cause of failure. Some of the experiments give a 
very high result, which may be accounted for by the specimens f 
being exceedingly small (from ^ inch to | inch in diameter), and 
consequently harder in proportion. 

From an analysis of the above it appears, that the index of the 
power of the diameter to which the strength of long pillars of 
cast iron is proportional is 3*6 nearly ; and in columns of equal 
diameter the strength is inversely as the l'7th power of the length, 
nearly. So that if S = the ultimate resistance of a colunm, D the 
diameter, and { the length, then 

^- "'^ IT;' 

c being a constant, which, if D be in inches and { in feet, appears to 
be 44*16 tons, the mean result from 11 solid, flat-ended pillars of 
more than 25 diameters in lengtL The formula for hollow 
colunms was obtained by Mr. Hodgkinson by adapting the result 
of Euler's theory to those of experiment, and is found to answer 
well when so altered. According to that theory, the strength 

varies as — y— (" Poieaon M^canique** voL L, 2nd edition, Art. 

315), which would no doubt have been practically correct, had the 
mat-erial been iacompressible. This not being the case, however, 
the following will hold good : 

S« c X — jj-y — » 
where D = the external diameter, d the internal diameter, and {, 

* Vide "Philosophicftl TraQaactions of the Royal Societj/* 1840. 

t Vide Hodgkinaon^B '< TzeaUse on Cast Iron," p. $18. London : John Weale, 1846. 
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the length. The constant, when D and d are in inches, and I in 
feet, is in this case 44*3 tons, obtained from experiments on 11 
pillars of greater length than 25 external diameters. 

In columns shorter than from 25 to 30 diameters there appears 
to be a falling off in the strength, as here the material first gives 
signs of being directly crushed, an evident deterioration from its 
efficiency to resist buckling. This necessitates a modification in 
the formulse above given ; and the following has been found to be 
an approximation corresponding very well with experiment : — if b = 
the result of the formulae for long columns, c the force which would 
crush the pillar without flexure (49 tons per square inch), and Y the 
real breaking weight, then 

Y « ft e 
* 6 + ic ' 

The above formulse apply only to. columns with flat or fixed 
ends. From other experiments made by Mr. Hodgkinsoji, it was 
found that the breaking weight of a long pillar with rounded or 
moveable ends (as in the connecting rod of a steam engine) is about 
one-third that of a pillar of the same dimensions with flat ends. 
This ratio only remains constant, however, in pillars of not less 
than about 30 diameters in length. In shorter pillars it varies 
1 : 3 to 1 : 1'5 or less, as the length of the pillar becomes less. The 
strength of a pillar also with one end fixed or flat, and the other 
rounded or moveable (as in the piston-rod, &a, of steam-engines) is 
always an arithmetical mean between that of a flat-ended and 
that of a round-ended pillar of the same dimensions. The strength 
of a pillar with flat ends, also, is the same as that of a pillar with 
rounded ends, of the same diameter, but of half the length. It was 
also found that an increase in the diameter of a column in the middle 
of its length, gives an additional strength, which does not however 
exceed one-seventh or one-eighth of the ordinary breaking weight. 

In the experiments on hollow columns a curious and rather 
important fact was noticed. Some of the pillars were cast with 
one side (unintentionally) thicker than the other ; but this gave 
Mr. Hodgkinson an opportunity to observe what falling off in the 
strength (if any) arose from that cause, which is one to which cast- 
iron pillars used in practice must be very liable. " It is gratifying 
to find," he says (" PhiL Trans. Hoyal Soc." 1840), " that a matter 
which would seem to destroy all confidence in a pillar, does not 
produce a great reduction in the strength." The probable reason 
he assigns is this : that from some general cause, the thin side was 
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always the one compressed^ aod as cast iron resists compression 
with about six times as much force as it does tension, the pillar 
seldom gave way by compression, and bore nearly as much as if it 
had been of equal thickness on both sides. 

In addition to the above, experiments were made upon hollow 
columns tapering gradually from the bottom to the top; upon 



columns with a section, thus I (as in the connecting-rod of a 
steam-engine ; and also upon I columns of a section, thus, i i 
all of which, however, proved to be considerably weaker than | | 
the hollow uniform cylinder of equal weight. 

Subjoined is aTable,and on the diagram (Plate VIIL) will befound 
a curve giving the breaking weights per square inch of solid columns 
1 inch in diameter, calculated from the formulae above given. It 
is a peculiarity of these formulae, however, that they do not give 
the same strength per unit of section in similar columns; the 
resistance is less as the absolute diameter of the column is greater.* 
So that in columns up to about 4 inches in diameter, a reduction 
of 1 ton per square inch must be made in the weights given in the 
Table ; up to about 8 inches in diameter, a reduction of about 2 
tons ; and up to 12 inches, about 3 tons. The strength per unit of 
section in hollow columns will depend (according to these formulas) 
not only upon the absolute diameter, but also upon the proportion 
tlie thickness of metal bears to the external diameter; as the 
column approaches to or recedes from the nature of a solid 
column. 



TABLE 

Of (he Breahinff Weights per aqxMre inch of Solid Cast Iron Columns 

1 inch in diameter. 



^4 
II 

ll 



10 

11 

12 
13 
14 
15 



i 



1^ 



II 

5 



74,200 
70,200 
66,400 
62,800 
59,400 
66,100 



16 
17 
18 
19 
20 
21 



« 



38.8 



|5 



53,100 
50,300 
47,700 
45,200 
42,900 
40,800 



8| 



22 
23 
24 
25 
26 
27 






§ 



a S o 



i 



S|2 



5' 






(^^Z 



38,000 
86,900 
35,100 
33,900 
32,600 
81,100 



28 
29 
30 
83 
35 
40 



29,600 
2P,100 
26,500 
22,500 
20,400 
16,800 



45 
50 
55 
60 
65 
70 



sin 



I 






13,800 
11,100 
9,500 
8,200 
7,100 
6,300 



* Though this iB in oppoBiiion to the aasumption of all other recognised fonnnhB fur 
oolnmDB, it is a yariation on the aide of practioAl troth ; for the larger the mass of iron 
east^ the less, from many causes, is its ayerage resistance per unit of section. 
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138. It is only since the commencement of the present century 
that malleable iron has been employed in situations which rendered 
it desirable to know with certainty its strength tmder different 
circumstances. With the exception of anchors and chains, 
malleable iron was seldom employed to resist by itself very great 
strains, its general application having been to connect and tie 
togethe;r different parts of a structure under circumstances which 
rendered it dilBScult, and not essentially necessary, to know with 
accuracy its ultimate force of resistance : all that is requisite in 
such cases is, that the iron shall exceed the strength of the other 
parts, and as the quantity thus employed in any case was incon- 
siderable, it was of little importance if more iron than was really 
necessary was used, and which, therefore, was commonly done, and 
its actual strength disregarded But since the time alluded to, 
malleable iron has been introduced for several important purposes, 
in which it is employed by itself to resist enormous strains, as in 
the case of ships' cables, suspension bridges, and railway bars ; it 
is, therefore, of the greatest importance that we should be able, 
from a knowledge of its actual strength, to proportion the several 
parts, so that while we insure perfect safety on the one hand, we 
may not, on the other, unnecessarily employ more of the material 
than is requisite, for all the weight thus introduced beyond what 
safety requires is always unnecessary, and frequently injurious. 

The first application of malleable iron which rendered this 
knowledge indispensable, was the invention of iron cables by 
Captain Brown, and he accordingly was the first person who con- 
structed a machine capable of making experiments on a sufficiently 
large scale to be depended upon : this was made to work by wheel- 
work and a well-balanced system of levers, but subsequent experi- 
menters have generally employed the hydrostatic press, a machine 
admirably suited to such a purpose : commonly, however, in these 
the force was estimated by the pressure on a small valve, which 
was very defective on two accounts ; 1st because the friction of the 
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leathers, which is very considerable with large strains, was not in- 
cluded ; and 2ndly, because the proportion between the valve and 
piston was too great Such machines, therefore, commonly over- 
I'ated the strain, and the motion of the balance weight was too 
small to be sufficiently perceptible. 

To avoid these two evils, the Admiralty have had an excellent 
machine of this kind constructed in Woolwich Dockyard, for testing 
their iron cables, in which the strain is brought on by hydrostatic 
pressure, but its amount is estimated by a system of levers balanced 
on knife edges, which act quite independently of the strain there 
is upon the machine, and exhibit sensibly a change of pressure of 
^th of a ton, even when the total strain amounts to 100 tons. 



140. TMt ihowng ihe different JnndM of heti Bower Cablet at present employed in the 
BrUith Navy, with the correeponding Iron Cables, and the Proof Strain 
for eaehm 



BatM of Shipi. 



Bast bower 

noinpoii cfti>l6S| 

lOOtethoma. 



m 

I 

00 



Weight 



r 



Breaking 
Btratn 

by expeii- 
znentk 



Diameter and weight 

of the bolt of the 
iron cable aabatituted 
for the pre- 
ceding. 






Fint-nte, laige . 
middle 
small . 
Seoond-rate 
Third, large 
BmaU 
Fourth, 60 guns . 
5Sdo. . 
50 do. . 
Fifib, 48 do. . 
46 do. \ 
42 do. J 

Sixth, 28 do. 

8hip^ sloop . 
Brig, large . . 

Dittos small 



in. 
25 
24 
28 
23 
23 
22 
21 
19 

184 
18 

174 



144 

18 
18 

11 



} 



cwL 
114 
105 
96 
96 
96 
89 
80 
66 
62 
58 



qr. 



lbs. 
7 

2 17 
2 27 
27 
27 
12 
22 

21 

1 14 

2 6 



2 

2 





56 1 

38 21 

83 10 

83 10 

21 2 15 



8240 

2988 

2736 

2736 

2786 J 

2520 

2268 

1872 

1764 

1666 

1584 

1080 

936 
936 

612 



tona. cwt. qr. 

• • • 

114 

89 

••• 

63 

• • • 

40 



24 inches. 
■ 218 cwt. 



} 



{2 inches. 
186 cwt. 2 qrs. 
1} inch. 
170 cwt. 2 qrs. 

1} inch. 
145 owt. 8 qrs. 

If inch. 

87 cwt. 2 qrs. 

14 inch. 

74 ewt. 8 qrs. 

1) inch. 

61 cwt. 1 qr. 



I 



I 



CQ 



tona. 



} 



81 



J72 
}63 

U5 

34 
28 
23 



From the above Table the immense advantage of iron cables 
will be distinctly seen, and particularly when we consider that a 
hempen cable, on a rocky bottom, is destroyed in a few months, 
while the other will sustain no perceptible injury. 
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14L Actual experimental Strength of Chain, made of variout Deeeriptiont of re- 
manufactwred Foreign and English Iron^ performed 2nd September, 1816, 
at Captam Brownie Manufactory, 

tOXUL owt. 

1} iDch . . . Old sable, 1^ ineh Bqnare bars, eut into pieces 2 feet long, 

piled and rolled into bolts of I4 inch • . . . 73 10 

H inch . . . Old sable, ditto, ditto 80 

ijinch . . Garcoft new sable, ditto, ditto 71 

1| inch . . Eeiolsken, Archangel, inch sqnare bars, cut into lengths of 

2 feet, piled and rolled into bolts 71 

1} inch . . Old bolts, fonnd ptomisenonsly, piled and fitgoted bj hand- 
hammers at my works 71 10 

11 inch fnll . . English bars, piled and rolled 86 

ij inch bare . . Ditto . . ditto 80 

Further Experiments, made ISth September, 1816. 

tons. owt. 

14 inch . . . Old Dutch bolts, fagoted by hand-hammers at my works . 71 
14 inch . • . No. 1, { sqnare (Welsh iron), hammered into blooms, and 

rolled into bolts, at the King and Queen works . . 78 10 

14 inch . . No. 2, ] inch square (Welsh), manufactured as abore 78 5 

14 inch . . • No. 4, Welsh iron, (agoted by hand-hammers at my works 88 10 
1 4 inch . • . No. 6, j inch square ditto, rolled, but not hammered, at 

the King and Queen works 76 

14 inch • • • King and Queen scrap iron 80 5 

The links of these chains were of an oral-like form, 6 inches in the dear. 

S. BROWN. 

The mean of these experiments gives 76 tons for the strength 
of a double bolt of IJ inch diameter^ in the cable form, which 
corresponds to about 21 J tons per square inch. Now by the 
same machine, the mean strength of wrought iron^ per square 
inch, is 25 tons (see the following experiments) ; therefore, the 
strength of iron in the cable form is to that of the simple bolt 
in about the ratio of 43 to 50. But in these cables the links 
were without stays : when these are introduced, as in Brunton*s 
patent cable, the strength is very nearly equal to that of the 
iron in the simple bar form; so that the stay may be said to 
increase the strength by about one-sixth part ; at the same time, 
however, it must be considered that the weight is also increased, 
although perhaps in a somewhat less ratio. 

Eocperimente on Direct Cohesion of MaUeahle Iron. 

142. The next important application of malleable iron was in 
the construction of suspension bridges, also the invention of Captain 
Brown. Subsequently, viz., in 1814, it was proposed by the late 
distinguished engineer, Thomas Telford, Esq., to suspend a bridge 
of this kind over the River Mersey at Runcorn, of 1000 feet span. 
In an undertaking of this magnitude, it became essentially neces- 
sary to know very exactly what strength could be depended upon 
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in the material to be employed; and Mr. Telford accordingly 
undertook an extensive series of experiments, both on the strength 
of malleable iron bolts, and on iron wire, with which he obligingly 
supplied me for the first edition of my " Essay on the Strength of 
Materials." These are given below, in the form in which they 
were recorded at the time of making them, at Messrs. Brunton's 
iroa cable manufactory. The other experiments were in like 
manner supplied to me by Captain Brown. It is only necessary to 
observe, that Messrs. Brunton's machine, being a hydrostatic press, 
registering by means of a valve, has a tendency to overrate its 
power, while Captain Brown s, perhaps, slightly underrates its 
power ; but his results certainly agree best with subsequent 
experiments made by myself on the machine in the Dockyard at 
WoolwicL 

143« Bvptr%iiMfid% on <&€ dirtd Strength of Oohenon of MaUeable Iron, made at 
Afesert. Brunion and Co.^m Patent Chain Cable Manufaetoryf with a Hydro- 
static Machine^ or Bramah Press, eonstriuted by Mr. Fuller, By Thoxas 
TxLFOBD, Esq. 

BAR No. 1. 

'Oifiifndricai Bar ofSovih Wales Iron, manttfaetured by S. Homfrey, Esq. 

I Length of bar vhen put in • .2 feet 2] inches. 

Ditto, when taken out . • . 2 6| 
Diameter when put in • ,0 1} 

Ditto, when taken ont . . . l| 

Torn asunder bj 48 tons 11 cwt. 



BAE No. 2. \ 
CyKndrieal Bar of South WaUe Iron, manufactured by S. ffomfrey, Etq. 

! Length of bar when pnt in • .2 feet 8§ inches. 

Ditto when taken ont . • . 2 6{ 
Diameter when pat in • .0 l| 

Ditto when taken ont . . . l{ 

Tom asnnder by 52 tons 15 cwt. 1 qr. lOIbs. 
Time^ 84 minntes. 

BAE No. 8. 
Square Bar of Staffordshire Iron. 

! Length of bar when pnt in . .1 foot 5| inches. 

Ditto when taken ont . . . 1 11 { 
Side of sqnare when pnt in . .0 Of 

Ditto when taken ont . . . 0£ 

Began to stretdh with 12 tons ; broke with 15 tons 

5 cwt. 8 qrs. 4 tbs. Time, 9 j minntes. 

BAE No. 4. 
Square Bar of Staffordshire Iron. 

I Length of bar when pnt in . .1 foot 7i inches. 
Ditto when taken ont . . . 1 9^ 
Side of sqnare when pnt in . .0 1-^ 
Ditto when taken ont . . • 0^ 
Began stretching with 82 tons ; broke ^th 82 tons 

6 cwt 4Ibs. Time, 16 minntes. 
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BAR No. 5. 
Sqtuure Bixr of WeUk Ir<m, 1 inch tquare. 



May 5th, 

1817. 



rWithlStonsrtretohed 
Ditto 21 toDB ditto 
Ditto 23 tona ditto 
Ditto 25 tons ditto 
Ditto 27 tons ditto 



. 0\ inoli. 

• 0* 

• Of 

. 1 

. 2J 
oa ) Broke with 

• ^* i this weight. 



May 5th| 

1817. 



Ditto 29 tons ditto 

BAR No. 6. 
Bar of Swedish Iron, 1 inch tquare, 

! Began to stretch with 17 tons. 
Strotohed * with . . 20 tons, Ath inch. 
Ditto with . . 27 tons, fths. 
Ditto with . . . 29 tons. Broke at a flaw. 

BAE No. 7. 



May 5th, 
1817. 



s 



Bar of Fagoted Iron, from Sercvp Iron, By Mr. Howard^ of RoiherhUhe, 

1 inch equare.^ 

Began to stretch with 16 tons. 
Stretohed with . . 20 tons, Og inch. 
Ditto with • . 25 tons, 0| 
Ditto with . . . 28 tons, 2} 

Dittowith . .29tons. j f^^^; jg^ 

BAR No. 8. 

Bar of common Staffordshire Iron, 1 tn«& square, 

B^gan to stretch with 19 tons. 
Stretched with • . 24 tons, 0| inch. 



May 5th, 
1817. 



( 



Ditto with 
Ditto with 
Ditto with 

Ditto with 



. 28 tons, 0{ 
. . 29 tons, 0| 
. 80 tons, 1 

• -Sltons. jthisweight. 
BAR No. 9. 



May 2l8t, 
1817. 



< 



With 45 tons. 

With 50 do. 

With 55 do. 
With 60 do. 

With 70 do. 

With 75 dor 



Cylindrical Bar of common Iran, 2 inches diameter.i 

' Began to stretch ; abont Mh of an inch on 12 
inches in the middle. The machine being re- 
lieTed, the bar shortened ^^th of an inch. 

Stretched '125 inch ; reliered, and shortened as 
before. 

Do. *25; do. do. 

Do. -26 

!Do. '875 mch ; recovered very little 

when the machine was relieved. 
Do. *544; do. do. 

w;*itftfti*K ^A i^' ''^^9 reduced in diameter to 

With 80Ath do. I j^^ ^^^ 

With 85 do. Do. '86 ; no perceptible change. 

With 90 do. Do. 100; do. do. 

iDo. 1 '35 ; redaced in diameter to 

l{th inch. 
With 100 do. Do. 2'2 ; do. do. to 1|, nearly. 

With the last weight the bar gave evident signs of firaotnre ; and, in a few minntes, 
gradnally gave way. 

* The stretchings were measured on 12 inches in the middle of the bar. 
f A similv l^ began to stretch with 18 tons, and broke with the same weight as 
above ; vis. 29 tons. 
t The whole length of the above bar was 2 feet ; and it stretched in iia whole length 



With 95 do. 
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Reduction of the ahow to 1 inek square, 

tons. cwt. 
No. 1, reduced to 1 inch sqTiare, gives 29 6 Welsh. 

No. .2, 29 16 Ditto. 

Ko. 3» 27 3 Staffordshire. 

No. 4, 27 10 Ditto. 

No. 5, 29 Welsh. 

No. 6, 29 Swedish. 

No. 7 29 Fagoted. 

No. 8, 81 Staffordshire. 

No. 9, 81 16 

9)263 11 

Mean strength of an inch square bar 29 5| 

144. ExperitAenU on Iron Bars and Cablesj made at the Patent Iron Cable Mwau- 
factory of Ca/ptain S. Browne MM Wall, Poplar, vUh a MaMne which aets on the 
Prmeipie of tX« Weigh' Bridges, From a Report presented to the Author by tJie above 
Oentlanan. 

(COPT.) 

Mm Wall, Poplar, 28th May, 1817. 

Eagoeriments on different Descriptions of Iron, 

BAB No. 1. 

A har of Swedish iron, 8 feet 6 inches long, 1 j, inch square, required a strun of 
40 tons 19 cwt. to tear it asunder in a straight line. It stretched during the operation 
j^ths of an inch. No perceptible alteration in the general appearance of the bar, except 
at the place of rupture^ where it was reduced to l^th of an inch. 

The partides remarkably small and olose^ of a whitish grey colour; not the least 
heated in the operation. 

BAB No. 2. 

Another piece, 3 feet 6 inches long, same mark, required a strain of 39 tons 15 cwt. to 
tear it asunder in a straight line. It stretched ith of an inch, the bar beiog torn into 
cracks in Tarious places. It reduced to l^th of an inch at the place of rupture. The 
particles remarkably close and small, as before^ intermixed with a few fibrous specks. 

Colour, whitish grey ; not heated at the time of rupture. 

BAB No. 8. 

A Swedish bar, 8 feet 6 inches long (different mark), \f^ inch square, required 33 tons 
10 cwt. to tear it asuuder in a straight line. This bar was exceedingly soft and ductile, 
having stretched 3 inches in the operation, and reduced at the place of rupture to jths of 
an inch. It broke extremely fibrous, exhibiting no particles. The complexion silvery ; 
very much heated at the place of rupture. 

BAB No. 4. 

A bolt of Bnsnan old sable, marked C C N, 3 feet 6 inches long, 1^1 inch diameter, 
required a strain of 36 tons 2 cwt. to tear it asunder in a straight line. This iron, very 
■oft and ductile, stretched 2^ inches, and reduced at the place of rupture to 1 inch in 
diameter. This iron appeared at the place of rupture in the form of a scarf, as if it had 
been out with a pair of shears : the surface so smooth, that there was no appearance of 
fibres or particles : its fibrous quality was, however, sufficiently indicated by the whole 
appearance of the bolt. 

2} inches ; of which 2^ inches were in 12 inches in the middle part. The whole time of 
mnking this experiment was three hours ; and it was performed with the utmost care. 

The machine was frequently relieved ; and, when reapplied, constantly brought up the 
weight to what it was before, but never exceeded it ; which is evidence of its accuracy. 

Noie.— li is a curious fact, and deserving the attention of philosophers, that fre- 
quently, at the moment of rupture, the bar acquires such a degree of beat in the fractured 
part, as scarcely to allow a person to hold it grasped in his lumd without a pai^*^*^^ ^^^c^^ 
tion of burning. 
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BAR No. 5. 

A bar of Welsh iron, denominated No. 3 ; 8 feet 6 inches long, 1} inch square, 
required a strain of 38 tons 1 cwt. to tear it asunder. This iron possessed considerable 
ductility, but reduced in diameter more gradually than in the two preceding experiments. 
It stretched 2 inches, and was reduced at the place of rupture to l^th inch. The com- 
plexion of this iron, when looking directly down upon the place of rupture, was a dingy 
blue ; and when held horizontally to the light, and viewed obliquely, bright and fibrous, 
though not so white or silvery as the foreign iron. Very mudi heated at the plaoe of 
rupture. 

BAR No. 0. 

A bar of common Welsh iron, 3 feet 6 inches long, 1 |th inch square. It required a 
strain of 31 tons. This bar had little ductility, and suffered no general derangement in 
the operation. It broke directly across the bar, and measured at the place of rupture 
If^th inch. The particles of this iron were fine, and exceedingly condensed^ resembling 
steel ; and there appeared nothing of a fibrous nature in it : indeed, its complexion and 
texture seemed to be at variance with the general rules for judging of the quidity of iron. 
Its measure of strength, however, was most accurately ascertained. 

BAR No. 7. 

A highly interesting one. A bolt of Welsh iron denominated No. 3 ; 12 feet 6 inches 
long, 2 inches in diameter ; required a strain of 82 tons 15 cwt. to tear it asunder. 
When subject to a strain of 68 tons, it stretched 3 inches, and was reduced to l^ths inch 
in diameter. When the strain was increased to 74 tons 15 cwt., it had stretched 6 
inches, and was reduced (th of an inch gradually in the diameter. With 82 tons it 
stretched 14 inches. With 82 tons 15 cwt., the bolt broke about 5 feet from the end, 
the levers being exactly balanced. It had stretched during the whole process 184 ii^chee ; 
and measured at the place of rupture Ij inch in diameter. 

• Sakujil Bkowv. 

BAR No. 8. 

A bolt of Welsh iron, 1*43 inch diameter, 5 feet in length, was torn asunder by a force of 
48} tons. 

With 28 tons its diameter was reduced to 1*4 inch. 

With 85 tons 1*35 inch. 

With 40 tons 1-30 inch. 

With 43 tons the bolt broke, having lengthened during the experiment 7 inches. Con- 
siderable heat about the section of fracture. 

This is the only one of the above Experiments at which I was 
present. 

Redwing the above to inch square. 

Tons. 
No. 1. Swedish Iron . . .1 square inch, 23 "77 

No. 2, Ditto do. 23*19 

No. 8. Ditto .... do. 23-75 

No. 4. Russia do. 26*55 

No. 6. Welsh .... do. 24*35 

No. 6. Ditto do. 24*90 

No. 7. Ditto .... do. 26*33 

No. 8. Ditto do. 26-34 

Mean 25 tons. 

The mean of Mr. Telford's experiments is 29| tons. 



Mean of the two . . . 27 tons. 

146. Experiments on Malleable Ii-on Bars wth the Testing Machine, in Woolwich 

Dockyard, By the Author, 

BAR No. 1.— Solly *8 Patent Iron. 
Round bar 1 inch in diameter, broke with a strain of 21 tons. It stretched before the 
fracture 10} inches in 8 feet in the middle,* its whole length was 10 feet 2 inches. 
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StreDgth per square Lach 26 '7 tons. 

The bar broke at a part where it had been nicked with a chisel. It was therefore tried 
again, the marked part being inserted in the nippers, and the breaking weight was now 
23 tons, or strength per square inch 29J, and stretch 24 inches more. 

BAR No. 2. — Solly's Patent Iron. 

Sqnare bar 1 inch in diameter, broke with 23i tons at tbe place where it had been 
nicked with a chisel to mark it. It stretched 18| inches in 8 feet. In consequence of 
this defect, the broken parts were again tried, and one of these, after being broken, was 
again tried ; the folbwing are the results : 

Second trial, breaking weight . .264 ^^^ 

Third do. do 264 

Fourth do. do 25f 

The following are the results of other experiments on iron of good medium quality : 

1. Bar 1 inch square, breaking weight. . . 24 tons. 

2. Ditto do. . 254 

3. Round bar reduced to mch square . . 254 

4. Ditto do. . . 26 



Mean strength 254 

In the preceding Experiments the mean of Messrs. Brunton's and 
Brown's experiments gives 27 tons ; but from these experiments I 
consider that we ought not to assume the strength of good medium 
iron at more than 25 tons per square inch. It will be seen by 
subsequent experiments that the elasticity is destroyed with about 
10 tons, and that iron ought not to be strained beyond its elastic 
power. 

146. ExTperimenta on the strength of Yoi'^kshire Iron, by 

M. I. Brunel, Esq. 

These were made on bars reduced in the centre part (per 
hammer) to -^ths and 'l^ths, or ^ inch square ; but the results are 
all reduced to rods of 1 inch square. 



Iron denoted tea^, fthB in the 
middle. 


Iron denoted bett bett, |th8 in 
the middle. 


Iron denoted batf i in the 
middle. 


No. 


Began to 
Rtretch. 


Breaking 
weight. 


No. 


Began to 
stretch. 


Breaking 
weight. 


No. 


Began to 

stretch. 


Breaking 
weight 


1 
2 

8 

9 

10 

Mean . 


Tons per 
.inch. 
21- 
24* 

1815* 
22- 
20- 
20- 
23-2 
24- 
26-9 
23-1 


Tons per 
inch. 
20*8 
32- 
25 •• 
84-10 
S4-6 
23-2 
28-2 
81*6 
32 11 
28-12 


1 
2 
8 

4 
6 
6 
7 

1 

10 


Toneper 
inch. 
28-16 
27-4 
24-16 
27-16 
2215 
25-18 
22-8 
21-9 
23-9 
21-9 


Tons per 
Inch. 
35-12 
36-4 
82-16 
88-10 
3114 
3115 
31-9 
29-6 
317 
80-7 


1 
2 

I 

S 
6 




ons. 

27 

81-12 

31-62 

82-25 

32-75 

30-00 


22-2 


304 


24-44 


82-3 


£0-8 



* The Experiment No. 3 of the first series was obTionsly defective. 
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The mean strength of these bars considerably exceeds that drawn 
from the preceding articles ; a circumstance which may, it is pre- 
sumed, be explained from the fact of their having been reduced per 
hammer. 




ExperimenU on the Strength of Iron Wire. 

147. Amongst other propositions for suspension bridges, that 
of iron wire for the purpose has been included ; and bridges of 

this kind have been executed; and as far 
as actual strength and facility of joining 
are concerned, it would appear to have a 
preference, but it is not thought applicable 
to the larger constructions of this kind. 
Mr. Telford, however, in the infancy of 
the practice, thought it desirable to try its 
strength under various circumstances, by 
submitting it to strains as nearly resembling 
those of the bridge itself as possible, with a 
statement of which he kindly furnished me 
in the form given in the following Tables. 

In order to comprehend the tabulated re- 
sults, it will be necessary to explain the ap- 
paratus with which the experiments were 
made : these are presented in the annexed 
figure. 

Here R S, T V, represent the supporting 
pillars upon which the wire was extended ; 
Q S„ another prop over which the wire 
passed ; being placed at such an angle as 
made it coincide with the direction of the 
resultant of the vertical and horizontal ten- 
sions, in order to prevent any strains upon 
the other support, R S. 

A, B, C, D, represent the places of the 
several weights with which the wire was 
loaded ; C being in the centre of the length, 
and B and D at Jth of the length from each 
end ; and the deflections from the horizontal 
line R T were measured at these points, as 
the different weights were applied. 
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BXPEBIIOENT No. 1. 

Dittance of the Propt, 100 feet ; Weight of 100 feet of Wire, 29) ounces; 3iameier, 
rather more than ^tha of an inch; and it brohe wlien etupended vertically , at a 
medium ofdifferemX triale, with 531 Hba, 



^io< 


H 




n 




H 




g 


§ 


g 






} 


A' 


} 


• 


1=^ 


1^ 


^ 


1^ 


Rkmaakb. 
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( Deflections at B and 
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1 8 






do. 
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( The weight at C 


da 








5 
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«• * 


4 11 


• • • 


1 being taken off, 
j the deflection be- 
( came 11 inchee. 


176 


5 





80 


4 


5 





2 1 


4 6i 


2 1 




do. 


9 





80 


4 


5 





2 5i 


4 lOj 


2 24 


Baiaed weight A 1 in. 


226 


9 





56 





5 





8 11 


7 104 


8 74 




286 


9 





56 





5 
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( Broke after anstain- 
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< ing these weights 
( for a short time. 



BXPBBIMBNT No. 2. 
Dittanee of the Props, 81 feet 6 inches; the same specimen of Wire as in Experiment 
No. I, but had not been before used : the two Snds of the Wirt, in this ExperimerU, 
werejlxedf after drawing it as tight as possible, viz., to loithin less than ith of an 
inch of a horixontal Une; and the Weights applied only in the centre. 
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... 







Just bore the last weight, and then broke. 
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EXPERIMENT No. 8. 

Distance of Props, 100 feet ; Diameter, ^th of an inch. ; Weight of 100 feet, 2 Ibt. 9 oe. ; 

bore vertically 736 Tba,, but broke with 738 lbs. 
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do. 


do. 


do. 


do. 
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3 6A 


Refixed the wire. 
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74 
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4 11ft 8 3ft 





Bore this weight ; bat in attempting to add 4 lbs. more to the weighta at B and D, 

the wire broke. 



EXPBRIMENT No. 4. 
The same Wire as in last Experiment, Distance of the Props, 31 fed 6 inches. 
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With the last weights suspended a few minntes, the wire broke. 
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EXPBEIMENT No. 5. 

Dittanee of (he Props, 100 feet; diameter, Mhe of an inch; Weight of 100 feet, 16^ 
ounces, VertieaUy, the Wire bore 277lb9. a few miniUes, and then broke. 
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Took off tbe weight 
A| and tightened 
the wire. 

Broke the wire in 
attempting to 
draw it tighter. 



ANOTHER PIECE OF THE SAME WIBE. 
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In attempting to increase theae weights to 25, 26, and 27 lbs., the wire broke 

at a defective place. 

EXPERIMENT No. 6. 
Same Wire at in the preceding Experimewt, Distance of the Props^ 81 fut 6 inches. 
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Broke in attempting to add 4 lbs. more at B and D. 

EXPERIMENT No. 7. 
Distance of the Props, liOfeet; Diameter, i^ofaninch; Weight of HO feet, 

14 ounces. Broke, vertically, with 157 lbs. 
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Remarks. 



Broke. 
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EXPEEIliBNT No. 8. 
Same Wire <u in (he laet Experiment. Distance of the Props, 31 feet 6 inches. 
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Broke in attempting to add 2 Ibe. at B, 4 lbs. at C, and 2 lbs. at D. 



EXPEBIMBNT No. 9. 

The same Wire at last Experiment^ and the Props (he same distance ; 

viz., SI feet 6 inches. 
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1 Broke in attempting 
( to add 6 Ibe. more. 



Note. — The above KxperimentB were made at the Patent Iron CSable Manufactory 

of Messrs. Brunton t Co. 
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BZPBRIMENT No. 10. 

Dittanees of the Propt, 900 fed ; Dumeter of Wire, ^O, inch; Weight of 900 feet, 
2S1be.hy the ttedyard; Weight of 100 feet, 8 lbs. 84 oi. 6y <&« eoalet. Mean 
vertical Strength, from 9 Experiments^ 630 lbs. 



r 



-8 



l^ 



^ 



Fixed. 



do. 
do. 
do. 
do. 
do. 

do. 

do. 
do. 
do. 
do. 



I' 



fts. 



28 
28 
28 
28 
28 

28 


28 
28 
28 



H 



jd • 



lbs. 



14 
17 
19 
20 
21 

22 





14 

17 



r 



fi». 



28 
28 
28 
28 
28 

28 



28 
28 
28 



QO 



ft in. 



15 6 



4 

8 
8 
2 
2 

2 

16 
9 

4 



0* 
4 

10 

H 

4 

8 
1 
8 



BxiuaxB, 



On aocoimt of the length of the wire the 
enrvatnre vm measorod from the 
ground ; which ktter was about 22 feet 
from the horizontal line^ between the 
props or points of sospension. 



iBemoyed the weights and re-tightened the 
wire. 



Broke the wire ; not at a joint. 



This Bxperiment was made at Bllesmere ; the points of sospension were, at 

one end a bnildingi at the other a tree. 



148. The nine Experiments from which the mean vertical 
strength of 630 lbs. was deducted, are as follow : 

lbs. 

Ist biv)ke with 616 

2nd „ ...... 616 

8rd ,, 620 

4th „ 652 

5th „ 616 

6th „ 637 

7th „ 616 

8th „ 646 

9th „ 651 



Mean of 9' Bxperiments 



9)5670 
630 lbs. 



The wire broke in these Experiments at joints or unsound places ; 
it may therefore be considered the minimum of strength. 

The mean of twelve other Experiments, on wires of the same 
diameter, but of different specimens, was 634 lbs. 

Strength per square inch, 36 tons. 



202 



STRENGTH OF MALLEABLE IRON. 



The following Table shows the strength of the diflferent speci- 
mens reduced to square inches : 

Diameter. Tons. 

Experiment 1 . . ^ Strengib per square incb 36*7 



ft 
tf 
if 
If 
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8, 4 . 


. A 


5, 6 


rb 


7,8,9. 


■ A 


10 . 


A 



Mean 



42 
42*9 
88-1 
85-8 
86 1 

88-4 



Considerable discrepance will be observed between the strength 
of the wire in Experiments 8, 4, and 10, which are of the same 
diameter. Perhaps a mean strength of 36 tons for a wire of less 
than, or not exceeding, -j^th inch in diameter, is all that can be 
depended upon. 

EXPERIMENTS 

149. On the Mornentum which Wires stretched as in the preceding 

Experiments will bear before breaking. 

JExpei'i/ment 1. A piece of wire, which bore vertically 277 H)s., 
was stretched between two props, 140 feet distant from each 
other, tUl the versed sine, or deflection in the centre, was only 
4f inches. 

A 5 lb weight was then tied to a cord, and the other end fastened 
to the middle of the wire ; the length of the cord between the 
weight and the wire was 10 feet 6 inches. The weight being now 
lifted up to the level of the wire, it was let fall and struck the 
ground, but without injuring the wire. 

Shortened the cord to 7 feet 7 inches, and proceeded as above : 
it did not strike the ground, nor did it injure the wire. 

With the same length of cord, and a 10 lb weight instead of the 
5 th., proceeding in the same manner : struck the ground, but did 
not break the wire. 

But the same weight, hung by a string 6 feet 7 inches, let fall as 
above, broke the wire at a joint. 

Nott, — The distanoe of the middle of the wire from the groand was 13 feet 6 inches. 

By the laws of falling bodies, we have for the 

lit momentam (8 x V10*5) x 5 » 129 

(8 X V7-68) X 6 = 110 

(8 X V7-68) X 10 = 220 

(8 X V6'68) X 10 » 204 

The third momentum is greater than the fourth ; but, as the 
weight strikes the ground, it is not all expended upon the wire.* 

* Id the preceding editions the talented author has inadvertently attributed the breaUng 
with a diminidied momentam to an injury of the wire at the third trial,— ScL 6th JBditian. 
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4th 
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Hxpervment 2. Distance of the props, 31 feet 6 inches. Diameter 
of the wire, -j^th inch. Stretched to within -Jth of an inch of a 
straight line. 

A 10 lb weight was tied to the middle of the wire by a cord 
7 feet 9 inches long : it was lifted up to the level of the wire, as in 
the last Experiment, and then let fall ; but it did not break the wire. 

A Idib weight was tied, and let fall in the same manner, without 
breaking the wire. 

A 20 ft weight was then tried. It did not break the wire. 

A 25 ft weight, being let fall from the same height, broke the 
wire. 

Here our four momenta are. 



l8( momentum (S x 
2nd „ (8 X 

8rd „ (8 X 

4th 



>» 
>> 
it 



-v/7 75) X 10 = 222-6 

V7-75) X 15-833-9 

V7-75) X 20 = 445-2 

(8 X V7-76) X 25 = 656-5 



Comparing these momenta with the direct vertical strength, we 
have 



1st yertical strength 

2nd ditto for wire of j^th inch, 



277 lbs. momentam 220 
680 lbs. ditto 556-5 



that is, in the 1st Efxperiment, the number expressing the momen- 
tum is less by -J^th than the vertical strength ; and in the second 
by Jth : but it is probable that in the latter the wire would have 
been broken with a less weight than 25 fts. 

160. Comparison of the preceding Experiments on extended 
Wires, with their Strengths computed theoretically, 

' In Experiment No. 2, page 197, it appears that a piece of wire, 
whose vertical strength was 531 fts., being stretched on props 31 '5 
feet apart, and having a weight 
of 120*25 fts. hung at its middle 
point, had that point deflected 
1 foot lOf inches, and that it 
afterwards broke with the addi- 
tion of 10 fts. Let us endeavour 
to compute how much this 10 fts. 
exceeded what was absolutely ne- 
cessary to break the wire; or, 

which is the same, let there be given the distance of the props, the 
deflection, and the tension of the wire, to find the weight which, 
suspended from its middle point, will produce the rupture. 

Let A, B, in the preceding figure, represent the two fixed points ; 
C E, the deflection ; A C B, the wire : then it is obvious that the 
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point C is kept in equilibrio by three forces ; viz., the tension of 
A C, the equal tension of C B, and the unknown weight, W, plus 
the weight of the wire, m* Now, when three forces, acting on a 
material point, preserve that point in equilibrio, eiwh of the three 
forces is equal and directly opposed to the resultant of the other 
two. If, therefore, C B be produced to meet the vertical A D, D C 
will be the direction of the resultant of the two forces, T, and 
(W + w), representing by T the tension of A C ; and ADC will be 
the triangle of forces which keeps the point C in equilibrio : the side 
A D, then, will denote the vertical force of weight, W + w ; and by 
the nature of the construction A D = 2 C E : we have, therefore, 

AC:AI}or2CB ::T:W + v, 

_ 20E X T 
orW X"C~-''- 

Now, C B == 1*8958 feet, or 2 B = 8*7916. 
Al»o, AC= V(AE« + BC>)- 15-86. 
And by the data of Experiment 1, 10 s "29 lb. 

«„^ «r 8-7916 X 581 „^ ,^^ ^^ - 

Whence W = z^-^ — '29 = 126-65 lU. 

15*86 

This is about 4B>s. less than the weight found by the Experi- 
ment 

We may arrive at the same conclusion on principles a little 
different from the above, and somewhat more general ; viz., since 
the weight W is kept in equilibrio by the tensions of A C and C B ; 
and since this weight, W, plus w, the weight of the wire, is the only 
vertical force in the system, if we denote the tension of the wires 
A C and C B by T and r, and the angles E A C, E B C, by a and 
a\ and resolve these two forces each into its component horizontal 
and vertical force ; we must have the two former equal to each 
other, and the sum of the other two equal to the sum of the 
vertical weights, W+te; ; that is, we shall have 

T 008 a = IT oos a', 

Taina+ T nnaf = Vf + w; 

from which equations the two tensions, T and lY, may be deter- 
mined, whatever may be the ratio of the two parts A C, C B ; but 
in our case, as these are equal, the first equation disappears, and 
the second becomes 

2T8ina = W -¥ «9, or 
W + « 

T e= • 

2 aina 



* The tenBions are th'oie at the points A and B, where they are greatest. To obtain 
the actoal tension at the point C of the wire^ w most be omitted.— iU. 6th EdUion. 
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Or if T be given, and W required, 

W =r 2 T sin a — t0. 

In the experiment above referred to, 

T = 581, ana = *1195593, and « = *29. 

Whence 

W = 2 X 531 X -1195593 - '29 « 126*65 lbs., as before. 

In a similar manner might be computed the tensions of the ex- 
treme points, when there are more than ouq weight, as in the third 
and subsequent Experiments : but it will be, perhaps, more simple 
to begin here by computing the tensions of the two adjacent sides, 
C D and D E ; which may be effected precisely in the same manner 




as in the preceding case. For it is a principle in mechanics, that 
if a system of forces be in equilibrio, no alteration will take place 
in that state, by supposing any two or more of its points to become 
fixed : we may, therefore, suppose the points C and E fixed, and 
compute the tension of C D, or D E, exactly as above ; viz., calling 
the angle D C E = a', and the centre weight W, and the tension t, 
we shall have 

< sin a' = 4 W' + } w, 

WJJtf 
2 sin a' "' 

where w is the whole weight of the wire : then, having the 
tension t, the weight W, and the angle D C E, compute the value 
of the resultant of these two forces, which will obviously be the 
tension of A C ; that is, if we denote this tension by T, we shall 
have 

In Experiment 3, W = 74, w; = 25625, and sin a = 06685, 
whence 

75-2812 



t =s 



•1387 



a 563 lbs. 



And T « V' { 563« + 77« + 1387 x 563 x 77 } = 578. 

This gives the tension too little: let us therefore compute the 
same from the first deflection ; that is, by resolving T into two 
forces, the one horizontal, and the other vertical, and equating the 
latter with half the sum of the weights, phia half the weight of 
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the wire ; for as the whole system is retained in equilibrio by the 
two extreme tensions, the vertical component of each ought to be 
equal to half the entire vertical force, or half the whole weight 
This consideration gives 

T sin a = 4 (W + W + W + w), 

where a denotes the angle C A c. 
In the 3rd Experiment, 

a = 7° 32', and sin. a = "ISll. 

Whence T = ?^ = 879. 
*2622 

If we now take the mean of our two results, we shall have 

879 + 678 



2 



= 726Ibfl. 



Whereas the vertical strength, as determined from experiment, 
was 736 lbs. 

The two diflferent results given by the two methods show that 
the system had assumed a form inconsistent with a perfect state of 
equilibrium, supposing the several lengths, or distances, A C, c d, 
&c., to be equal : but it is obvious, that, besides the probable un- 
equal extensibility of the wire, the point C, as the wire stretches, 
will approach towards A, and recede from the perpendicular ; for 
D being exposed to equal actions on each side, will continue in the 
same vertical : this will obviously have a tendency to increase the 
angle a, and decrease the angle a^ ; and, consequently, to increase 
the value of the tension computed according to the former method, 
and to diminish the same according to the latter, and therefore 
approximate them towards that medium result we have obtained 
above, which differs only 10 Iba from what was found experiment- 
ally ; viz., about 1 lb. out of 73 lbs. 

In the 4th Experiment, 

o' = 2*» 61', sin a' = '04893, and 4 » = '39 lb. 
76-39 ^ . , 

^ = ^59786"^^^^ ^°^ 

T = V { 790« + 71» + -0979 x 790 x 71 } = 797 Ibfc 
According to the second principle, viz., 

Taina- 4(W+ W + W" + «), 

we have 

W + W + W + w -= 218*79, and sin a = '12648 ; 
. , 218-79 ^.-.^ 

the mean of which is 831 lbs., instead of 736 lbs., which is in excess 
by about Jth part. 
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161. It will be observed, however, that these methods are only 
approximative ; but they are perhaps more intelligible to many 
readers than if we had entered upon the problem with all the 
generality that belongs to the doctrine of equilibrium of flexible 
bodies : but it may not be amiss to give a sketch of this general 
method, at least as applied to the action of vertical weights upon 
a perfectly flexible line. 

Here we may suppose any number of weights W, w, v/, &c., 

W ; and a corresponding number of distances, L, Z, l\ V\ &c., L', 

which may be equal or unequal : the tensions of these lines we 

may denote by 

T, /, «' t\ &c. r, 

and their several angles, with reference to a horizontal axis A x, 
passing through A, by 

a, a, a', a", &o. a', 

and their angles with reference to the other axis A y, 

6, /J, 0, »", &c. h'. 
Also, let n, be the co-ordinate of the point B with reference to 
A y, and m its co-ordinate as referred to B y. 

Then if we resolve each of the tensions into its corresponding 
horizontal and vertical components, we shall have from the theory 
of equilibrium, 

Too8a + <cofla + t'c<»<^ + &c. T'eosa'sO, 

T 008 6 + t 008 iS + «' 008 /S' -I- &C. Oy 008 6' = 0. 

And by means of the co-ordinates, 

Lco8a+ looBa + rco8a' + &c. I/co8a' = n, 
L008& +lc(m$ + tcoB0 + kc, V co8'6' = m, 



and by the known property of cosines, 



008* a + 008* i ™ 1, 
OOB^a' + C08»y-1. 

From which six equations the six unknown quantities, viz., T, T', 
cos a, cos 6, cos a', cos 6', may be determined ; after having first 
computed t, if^ &c., and cos a, cos a\ &c., in functions of T, cos a, 
and W, w, v/, &a, which may, in all cases, be effected on the 
general principle of the composition of forces ; that is, taking t as 
the resultant of T and W, f as the resultant of t and w, and 
so on. 

The computations, however, if the number of weights be con- 
siderable, become extremely laborious, and difficult to execute : 
but if, as in the experiment, we limit the weights to three, and 
consider the two extreme ones equal to each other, and the 
points A and B as being situated in the same horizonal line ; 
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then, as the several tensions and angles from each extreme are 
equal, we may reduce the above equations to three ; in which, 
however, we have still to compute cos o in functions of T, cos a, 
and W ; on which account we prefer, in this case, retaining the 
six equations under the form 

Toosa = <008 es 
T008& = < 008/3 + W, 
leifma + lcoBa's\n, 
Toos5»i(W + v + W), 
oob' a + eor 6=1, 
H cob' a + oos' $ — 1. 

From which these several quantities may be determined, in func- 
tions of each other. 

If we denote the less deflection, c C, by d, and the greater, D d, 
by d + d\ we shall have 

— =008^ and — r- = cob. fi ; 

and substituting these in the first four equations, and denoting the 
entire weight of the system by 7r,^we shall have, after reduction, 

T V (P - <^ = < V (^ — d*^ 

T d = « d' + W 
T(i= iZv. 

From which we may determine any one of these quantities in 
terms of the others : but it will be observed here, as in our partial 
solution, that if we suppose both deflections d and d' as known 
quantities, there will be a superfluity of data ; viz., we shall have 
more equations than unknown quantities ; and by assuming values 
for both these, we may give such as are inconsistent with the other 
data, and therefore also inconsistent with a state of perfect equili- 
brium : it is proper, therefore, in the solution of these equations, to 
include one of these quantities with the data, and one with the 
qwcBsiti of the problem : in which case a rational solution will be 
obtained. 

We shall not attempt the numerical solution of these equations ; 
but the reader who is desirous of doing so will find no other 
difficulty than what belongs to the algebraical operations: we 
shall content ourselves with the approximative numbers as above 
determined, considering it useless to expect a nearer approxima- 
tion between theoiy (which is founded on a supposition of a per- 
fect uniformity of matter, and the most accurate mode of action) 
and experiments, in which every kind of irregularity with regard 
to the composition of the material, and all the errors of fixing, 
observing, &c., are presented : indeed the agreement between the 
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two deductions may be considered a confirmation of the correctness 
of the theory, and of the accuracy with which the experiments 
were performed ; and on the basis of the two combined every con- 
fidence may be placed, as to computation, relative to works which 
from their magnitude bid defiance to any experiment, except that 
of their actual construction. 

Calculation of the Strength of a Suspension Bridge, on the sup- 
position of its forming! a perfect Ca/tenary Curve, 

162. The foregoing experiments and computations, although 
they would probably have constituted the only data on which 
Mr. Telford would have proceeded in his proposed construction of 
the Runcorn Bridge, yet they can only be considered as roughly 
approximate to the real case. And it must perhaps be admitted, 
that by assuming the bars to form a perfect catenary, we still only 
approximate. The approximation is, however, much more close in 
this case than in the former, and sufficiently so for all practical 
purposes. 

The properties of the catenary are investigated in most treatises 
on mechanics ; we shall not, therefore, retrace steps which have 
been so often taken ; but merely bring under one point of view 
these several relations ; referring such of our readers as may be 
desirous of actual investigations to the several works in which they 
may be found, particularly to Poisson, "Traits de M^canique," 
whence the following have been selected : 

Let / denote the length of the catenary ; 
r the distance of its points of suspension ; 
c the angle between the tangent at the point of suspension, and the aboTe 

horizontal line of distance ; 
A the tension of the chain at the same point ; 
T the tension at any other point ; 
X any Tariable absciss ; 
y the corresponding ordinate ; 
« the corresponding arc ; 

h the weight of an inch, or a foot| to,, of the chain x,ff, $, kc, being taken in 
the same unit of measure. 

This notation being established, the following are the principal 
properties of this curve ; viz., 

iL_ «>s<? cose 

1. — — = —. — - nyp log 



2. 



I sin c '*^ ^ 1 — sin 

A sin , - . hi 

== 4 /; or A = -r—. — • 
" 2 sin e 



h 
8. T= V{^*- 2A*j.8inc-l' *'•»}. 
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Which at the lowest point becomes 

T = A COB <;. 

... Abidc ,,. Acoec. , cose 

4.4/- -^— . «.d i f = -^ hyp log ^_^^ 



- A 008 c 

6. aj = : — 



hyp log j A-ty+ V{(A-ty)'-A»oos»c} ) ^ 
( A (1 — Bin c) * 



6 ^ = A(l~coBc) 

Where if is the ordinate to the middle or lowest point of the 
curve : 

7. , = Ajin^ ^ {(A~^y)«-A»co8»c} 

These formulae are not all neeessary for the solution of our 
problem, but are given as embracing the principal properties of 
this curve. 

163. Let us now suppose a bar of iron, which we must consider 
as flexible, to be fixed to two points of suspension, 1000 feet 
distant, the lowest point of the curve being ^th of the whole 
distance, or 50 feet ; and let it be required to find the length of 
the bar and its action on the points of suspension, the weight h of 
one foot of it being given. In the present question, assuming the 
specific gravity of iron 7788, and the diameter of the bar V 18 
inches, we, find A = 48 lbs. ; also V = 1000 feet ; whence, by 
formula 6, 

, A (1 - cos c) 
y' = 1 . or 

A (1 - ooB c) = y' A = 48 x 50 = 2400. 

And formula 4 gives 

J V = k^ h„ log -J^4- = 600. 
■ A "^ 1 — am c 

2400 cos c , , cos c -^^ 

hyp log- -, = 600. 



48(1 — ooBc) 1— sine 

««. coac ^ , cose ^ 

10 (1 — COB C) 1 — Bin c 

which, by approximation, gives angle c = 11° 15', nearly. 
And hence, by formula 1, we find 

I =. 1008 feet =3 length of the cateouy. 

Again, by formula 2, 

hi 1008 X 48 -«,AAr,k 

A = ■ . - — irrrTTT— = 124005 lbs., or 
2 Bine -89018 * 

about 55 tons, the tension at the point of support. 
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In a similar way, the tension and length being given, the depth 
of the curve may be computed. 

It is not necessary, however, to have recourse to this ftiode of 
calculation, Mr. Davies Gilbert having in an extremely ingenious 
paper, in the Phil. Trans, for 1826, supplied two Tables, by means 
of which every circumstance connected with these kinds of calcula- 
tion becomes merely a matter of tabular inspection, as explained 
in the following article. 

Tables for computing all the circumstances of Strain, Strength, 
&c, of Suspension Bridges, By Davies Gilbeet, Esq,, F.RS. 
{Philosophical Transactions for 1826.) 

164. It may be proper to premise that in our preceding experi- 
ments we have seen that the mean ultimate strength of malleable 
iron is 25 tons per square inch, which is equal in weight to a bar 
of the same dimensions whose length is 16,600 feet, which is some- 
times called the modulus of the strength of iron, and is constant 
for bars of all dimensions. In like manner the strain or tension 
on a bar may be expressed by the number of feet in length of a 
bar of the same dimension. 

In the following Table I., Mr. Gilbert uses the same method, but 
the unit, instead of being a foot, is y^th of the half distance of 
the points of support, or of the ordinate of the semi-catenary ; and 
the values of x, z, a and T, have also for their unit yj^ih. of the 




A 
same length, x being the greatest depth of the curve, and z the 
length of the semi-catenary, a the modulus of tension at the 
lowest point of the curve, and T the tension at the point of sup- 
port. In Table II. the unit is y^th of the modulus of tension a 
(in feeC) at the lowest point of the curve, and x, y, z and T, have 
also the same unit ; x and z in this Table being the length of each 
absciss with its corresponding arc, for every unit of y, reckoning 
from the lowest point of the curva 

Suppose, for example, the span of a proposed bridge were 800 
feet, and its greatest deflection 50 feet. Here the unit or j^th of 
Jihe half span is 4, and consequently the value of x in the Table is 
12*5. Now, opposite 12*565, (which is the nearest tabular number,) 

p % 
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we have the tension T at the point of support, 412'56, and this, as 
the unit is 4 feet, is equal to 1650*24 feet of a bar of the same 
sectioif, whence the tension in lbs. or tons becomes known. We 
find also a, the tension, at the lowest point 400, whence 

400 X 4 » 1600, the tension in feet. 

Since the tension is thus found to be 1600, the hundredth part 
of this is 1 6, which is therefore the unit of Table XL, and the 
several values of x and z, multiplied by 16, will be their corre- 
sponding values in feet for each unit of y. Thus the maximum 
and minimum tension of the bar, and the lengths of the several 
suspending bars, are determined, or rather perhaps their diflFerence 
of length ; for their absolute length will of course depend upon 
the depth of the platform below the lowest point of the curve. It 
has been seen that in the icase here assumed the greatest tension 
is 1650 feet ; whereas the ultimate strength is 16,J00 feet ; the 
bar is therefore stretched with only -j^th of strain that would destroy 
it ; and supposing the weight of the suspending bars, roadway, &c., 
to be §rds of the weight of the bar, the strain would still be only 
2750, or Jth of the full power of the iron, that is, about 4 J tons per 
inch, whereas we have seen that iron will bear 9 or 10 tons per inch 
without destroying its elasticity or power of restoration. 

In the Menai Bridge the span is about 580 feet, and the unit, 
therefore, of our first Table 2*90 ; the greatest deflection is 43 feet, 

therefore n:^- = 14*8 =0?, nearly, whence T = 354'8, which, multi- 
plied by 2*9, gives for the modulus of maximum tension 1028*9 
feet from the weight of the bars alone. This weight, according to 
Mr. Provisos statement, is 394 tons, and the whole weight, in- 
cluding platform, &c., 643 tons : hence 394 : 643 : : 10289 : 1680, 
the whole strain. 

The strength therefore here is nearly 10 times greater than the 
strain, independently of a passing load. Again, the tabular value 
of a = 340, and 340 x 29 = 986 ; then, 394 : 643 : : 986 : 1610, 
value of a, Table II. 

Therefore, to find now the several abscisses or the length of the 
suspending bai's for every division or hundredth part of the 
ordinate y, since the whole value of a is 1610, our unit (one 
hundredth of this) is 161 ; we have therefore only to multiply the 
several numbers in the column x by 161 for the lengths required. 

For more on the subject the reader is referred to an excellent 
Memoir on Suspension Bridges, by Mr. Eaton Hodgkinson, voL v. 
of the Manchester Memoirs. See also, Drewryon Suspension Bridges. 
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TABUS L 
TahUfor the CompukUion ofSuspemian Bridget, 



a 


X 


* 


T 


ANOLK. 


2000 


2*500 


100*0 


2002 


87 8 


1950 


2*564 


100*0 


1952 


87 8 


1900 


2*632 


100-0 


1902 


86 69 


1850 


2 -703 


100*0 


1852 


86 64 


1800 


2*778 


100*0 


1802 


86 49 


1750 


2*857 


100*0 


1752 


86 .43 


1700 


2*942 


100-0 


1702 


86 87 


1650 


8 031 


100*0 


1658 


86 81 


1600 


8-125 


100-0 


1603 


86 26 


1550 


8*226 


100-0 


1653 


S6 18 


1500 


8*334 


100-0 


1603 


86 10 


1460 


8*449 


100-0 


1453 


86 8 


1400 


8*572 


100*0 


1403 


85 64 


1850 


8*705 


100 


1863 


86 46 


1300 


8*847 


100*0 


1803 


86 86 


1250 


4-002 


100*1 


1254 


86 26 


1200 


4*168 


100-1 


1204 


85 18 


1150 


4-850 


100-1 


1164 


86 1 


1100 


4*548 


100-1 


1104 


84 47 


1050 


4*765 


100 1 


1054 


84 88 


1000 


6 004 


100*1 


1006 


84 16 


980 


6*106 


100*1 


985-1 


84 9 


960 


6-213 


100-1 


965*2 


84 2 


940 


5*324 


1001 


946*3 


83 64 


920 


5*440 


100-1 


925-4 


83 47 


900 


6-561 


100*2 


905-6 


83 88 


880 


6*687 


100-2 


886*0 


88 80 


860 


6*820 


100-2 


865*8 


83 21 


840 


6*959 


100-2 


846-9 


83 11 


820 


6*106 


100-2 


826 1 


83 1 


800 


6*253 


100*2 


806*2 


82 61 


780 


6*418 


100-2 


786-4 


82 40 


760 


6*588 


100*2 


766*5 


82 28 


740 


6*767 


100-3 


746-7 


82 16 


720 


6*956 


100*3 


726*9 


82 4 


700 


7*154 


100*3 


707*1 


81 60 


680 


7-366 


100-8 


687*8 


81' 36 


660 


7*690 


100-3 


667*6 


81 21 


640 


7-828 


100*4 


647*8 


81 6 


620 


8 081 


100*4 


628-0 


80 47 


600 


8852 


100*4 


608*3 


80 29 


680 


8*642 


100-4 


588*6 


80 10 


660 


8*952 


100*5 


568*9 


79 49 


640 


9-288 


100-6 


649-2 


79 27 


620 


9-646 


100-6 


629-6 


79 2 


600 


10*08 


100*6 


610-0 


78 86 


480 


10*45 


100*7 


490-4 


78 8 


460 


10-91 


100*7 


470*9 


77 88 


440 


11-41 


100*8 


451-4 


77 6 


420 


11*96 


100*9 


431*9 


76 29 


400 


12*66 


101-0 


412-5 


76 49 


880 


18-23 


101*1 


893-2 


76 6 


360 


13*97 


101*2 


373-9 


74 17 
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TABLB L—(caiUinued). 



a 


X 


s 


T 


AMOIJfi. 


840 


14-81 


101-4 


854-8 


73 82 


320 


15-75 


101-6 


885-7 


72 22 


800 


16-82 


101-8 


816-8 


71 14 


280 


18-04 


102 1 


298-0 


69 57 


260 


19-46 


102-4 


279-4 


68 29 


240 


21-12 


102-8 


261-1 


66 47 


220 


23-11 


103-4 


243-1 


64 48 


200 


25-52 


104-2 


225-5 


62 28 


180 


28-55 


105-8 


208-5 


59 89 


160 


32-28 


106-6 


192-2 


56 19 


140 


87-25 


108-7 


177-2 


52 10 


120 


4413 


111-9 


164-1 


46 58 


100 


54-30 


117-5 


154-3 


40 28 • 


95 


57-67 


119-5 


152-6 


88 28 


90 


61-51 


121-8 


151-5 


86 26 


85 


65-85 


124-6 


150-8 


84 17 


80 


71-07 


128-1 


151-0 


31 58 


75 


77-14 


132-3 


152-1 


29 82 


70 


84-43 


137-6 


154*4 


26 57 



TABLE XL 
Table for the Computation ofSuspemion Bridget, 



y 


X 


t 


T 


ANGLE. 


1 


-0049 


1-000 


100-0 


89 25 


2 


•0200 


2-000 


100^0 


88 51 


8 


•0460 


8 000 


100 


88 16 


4 


-0800 


4 000 


1000 


87 42 


5 


•1250 


5-002 


100-1 


87 8 


6 


-1800 


6 008 


100-1 


86 88 


7 


•2450 


7-005 


100-2 


85 59 


8 


•3201 


8-008 


100-3 


85 25 


9 


•4052 


9-012 


100-4 


84 51 


10 


-5004 


10-01 


100-5 


84 16 


11 


•6056 


11-02 


100-6 


83 42 


12 


•7208 


12-02 


100-7 


83 8 


18 


•8461 


13^08 


100-8 


82 34 


14 


•9815 


14-04 


100-9 


82 


15 


1^127 


15 05 


101-1 


81 26 


16 


1-282 


16-06 


101-2 


80 52 


17 


1-448 


17-08 


101-4 


80 18 


18 


1-624 


18-09 


101-6 


79 44 


19 


1-810 


19-11 


101-8 


79 10 


20 


2-006 


20-13 


102-0 


78 36 


21 


2-218 


21^16 


102-2 


78 3 


22 


2-429 


22-17 


102-4 


77 29 


23 


2 656 


28-20 


102-6 


76 56 


24 


2-898 


24-23 , 


102-8 


76 22 


25 


8-141 


25-26 


108-1 


75 49 
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TA6LB IL-'icowUnued). 



y 


X 


• 

* 


T 


AKQLB. 


26 


8-399 


26-29 


103-8 


76 16 


27 


3-667 


27-32 


103-6 


74 42 


28 


8-945 


28-86 


103-9 


74 9 


29 


4*28^ 


29-40 


104-2 


73 86 


80 


4-538 


80-45 


104-5 


73 8 


81 


4-843 


81-49 


104-8 


72 80 


82 


5-163 


82-54 


105-1 


71 58 


83 * 


5-494 


83-60 


105-4 


71 26 


84 


5-835 


84-65 


105-8 


70 58 


85 


6-187 


85-71 


106-1 


70 20 


86 


6-550 


86-78 


106-5 


69 48 


87 


6-928 


87-84 


106 9 


69 16 


88 


7-307 


88-92 


107-8 


68 44 


89 


7-701 


89-99 


107-7 


68 12 


40 


8-107 


41-07 


108-1 


67 40 


41 


8-528 


42-15 


108-5 


67 8 


42 


8-950 


43-24 . 


108-9 


66 86 


43 


9-888 


44-33 


109-8 


66 6 


44 


9-837 


45-43 


109-8 


65 83 


45 


10-29 


46 58 


110-2 


66 2 


46 


10-76 


47-68 


110-7 


64 81 


47 


11-24 


48-74 


111-2 


64 


48 


11-74 


49-86 


111-7 


63 29 


49 


12-24 


50-98 


112-2 


62 69 


50 


12-76 


52-10 


112-7 


62 28 


51 


13-28 


58-28 


118-2 


61 58 


52 


13-82 


54-37 


118-8 


61 27 


53 


14-37 


55-51 


114-8 


60 67 


54 


14-98 


56-66 


114-9 


60 27 


55 


15-51 


57-81 


115-5 


69 57 


56 


16-09 


58-97 


116-0 


59 28 


57 


16-68 


60-18 


116-6 


58 58 


58 


17-29 


61-30 


117-2 


58 29 


59 


17-91 


62-48 


117-9 


58 


60 


18*54 


63-66 


118-5 


57 81 


61 


19 18 


64-85 


119-1 


57 2 


62 


19-84 


66-04 


119-8 


56 83 


68 


20-51 


67-25 


120-5 


56 4 


64 


21-18 


68-45 


121-1 


65 86 


65 


21-87 


69-67 


121-8 


65 7 


66 


22-58 


70-89 


122-5 


54 39 


67 


23-29 


72-12 


128-2 


54 11 


68 


24-02 


73-36 


124-0 


53 44 


69 


24-76 


74-60 


124-7 


63 16 


70 


25-51 


75-85 


125-6 


62 48 


71 


26-28 


77-11 


126-2 


52 21 


72 


27-05 


78-88 


127 


51 64 


78 


27-84 


79-65 


127-8 


61 27 


74 


28-65 


80-94 


128-6 


61 


75 


29-46 


82-23 


129-4 


60 84 


76 


30-29 


83-53 


130-2 


60 7 


77 


81-18 


84-88 


131-1 


. 49 41 


78 


81-99 


86-16 


131-9 


49 16 


79 


32-86 


87-47 


132-8 


48 49 


80 


88-74 


88-81 


183-7 


48 28 


81 


84-68 


90-16 


134-6 


47 57 
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TABLB IL^ieontinued), 



V 


X 


* 


T 


ANOLB. 


82 


85-54 


91-50 


135-5 


o / 

47 32 


88 


86-46 


92-86 


186-4 


47 7 


84 


87-40 


94-23 


137-4 


46 42 


85 


88*35 


95-61 


138-3 


46 17 


86 


89-31 


96-99 


139*8 


46 52 


87 


40-29 


98*39 


140-2 


45 27 


88 


41-28 


99-80 


141-2 


45 8 


89 


42-28 


101-2 


142-2 


44 89 


90 


43-30 


102-6 


143*3 


44 15 


91 


44 84 


104 


144-8 


48 51 


92 


45-39 


105-6 


145-8 


48 27 


93 


46-43 


106-9 


146-4 


48 4 


94 


47-63 


108-4 


147*5 


42 40 


95 


48-62 


109-9 


148-6 


42 17 


96 


49-72 


111-4 


149-7 


41 64. 


97 


60-85 


112-9 


160-8 


41 81 


98 


51-98 


114-4 


161-9 


41 8 


99 


53-14 


115-9 


153-1 


40 46 


100 


64-30 


117-6 


154-8 


40 23 



On the Mechanical Properties of Specimens of the Iron 
and Steel Plates which had been subjected to experiment 
with Ordnance at Shoeburyness. By W. Fairbaib^, Esq.* 

166. In the month of July, 1861, four boxes of specimens of iron 
and steel plates were received at Manchester from Woolwich Arsenal. 
They had been cut from the plates upon which experiments with 
rifled ordnance had been made at Shoeburyness, and were lettered 
to correspond with those plates, viz. : — 

A. Six specimens ; iron manufactured by the Lowmoor Company. 

B. Seven specimens ; iron from the Thames Company. 

C. Seven specimens ; homogeneous metal from Messrs. Howell 
and Shortiidge. 

D. Seven specimens ; rolled iron from Messrs. Beale & Co. 
These were subjected to a series of tests calculated to determine 

their specific gravity, their resistance to tension and compression, 
and the statical punching pressure. 

Specific Gravity. — Specimens were prepared in the form of 
cylinders 1 inch long by f inch diameter, and after careful cleansing 
from grease, were very carefully weighed in air and water. They 
were all su^nded by the same hair in the same water, and under 



* TraoaaotioDs and Report of the Special Committee on Iron, betweea Jan. 2l8t) 1861, 
and March, 1862. 
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the same conditions. The temperature varied from 68° to 69^, but 
the results have been corrected to 60° Fahr. Hence the results 
may be considered accurate to the third place of decimals. 

TABLB I. 
Summairy of Specific OravUia of PUUti from IJ to 8 inches thick.' 



lUcknen of Plates 
in inches. 


Specific Qravity. 


Meanaof 
Plates of 
the same 
thickneas. 


A plate). 


B plates. 


Gplatea. 


Dplatea. 


2 

24 
8 


7-7848 
7 8225 
7-7947 
7-8310 


7-6894 
7-6968 
7-7228 
7-7051 


7-8888 
7-9130 
7-9101 
7-9049 


7-6258 

' 7-6414 

7 6364 

7-6255 


7-7471 
7-7684 
7-7660 
7-7666 




7-8083 


7-7035 


7-9042 


7-6322 





In the A plates the extreme variation of density amounts to 
0*046, there being on the whole an increajse of density as the plates 
become thicker. 

In the B plates the density increases to a thickness of 2| inches, 
but is less in the 3-inch plates. 

In the C plates the maximum density is reached at 2 inches 
thickness, the extreme variation being 0*024. 

In the D plates of rolled iron, the maximum density is attained 
at 2 inches, the extreme diflference being 001 6. 

With the exception of the 3-inch A plates, these results show a 
density increasing up to 2 or 2J inches, and thence dimiuishing. 

Of plates of diflferent manufacture, the steel plates of the C 
series are densest ; next to them, the A plates from Lowmoor ; 
then the B plates ; and lastly, the rolled D plates. 

156, Tensile Strength, — The plates of less than one inch thick- 
ness were cut to the form shown in fig. 1, Plate IX., for the purpose 
of ascertaining their tenacity. The area left for tearing asunder in 
the middle was of approximately half an inch in section. It was 
important to measure with accuracy the elongations under strain. 
For this purpose two pieces of brass, a, &, figs. 2 and 3, Plate IX., 
were fixed on each side of the centre of the part prepared for 
tearing asunder, by the clamps c, d. On the side next the plate, 
these pieces of iron were bevelled away, so as not to touch the 
surface of the plate within a distance of 1*25 inches on each side 
of the centre of the plate. 

The pieces a, &, were adjusted carefully to touch one another at 



218 



STRENGTH OF MALLEABLE IRON. 



the beginning of the experiment, and they indicated by their 
separation as the experiment progressed, the elongation of 2| 
inches of the plate. The elongation was measured by wedge 
gauges, one of which was graduated to 3^th of an inch, and the 
other to tbtt^'^ of an inch. Hence, since the elongation was measured 
on a length of 2^ inches, the-rjVirth of an inch could be easily 
appreciated. The readings in the following Tables are accurate 
to at least the third place of decimals. 

The ultimate elongation was obtained by marking with com- 
passes an arc upon the plate of 2| inches radius. After the frac- 
ture the broken pieces were fitted together again, and a second arc 
struck from the same centre. The distance between these gives 
the ultimate elongation of the bar. 

The weights were increased very regularly, the strain being 
augmented by small increments till the point of fractm-e was 
reached. 

TABLB XL 

Summary of Experimentt giving mean tensile Strength of each teries of PlateSf or 

ataiical Bi'taking Strain, 



Approximate thickness 
of plates in inches. 


Tensile brei^Dg weight per square inch of section. 


Mean of 
plates of the 

same 
thickness. 


A plates. 


B plates. 


C plates. 


D plates. 


Quarter . 

Half .... 

Three-qaarierB . 


tons. 
24-344 
25-750 

• • • 


tons. 
24-167 
23-220 
29-432 


tons. 
80-703 
83-694 
80 918 


tons. 
17-470 
, 11-056 
26-478 


tons. 
24-171 
28-430 


One and half 
Two . ... 
Two and half . 
Three . . . . 


24-168 
25-848 
24-110 
25-039 


22-299 
28-657 
23-921 
23-540 


26 197 
27-038 

27 -506 
27-386 


25-158 
24-634 
22-732 
24-169 


24-458 
25-169 
24-569 
25-031 


Mean of thin plates . 


25-047 


25-606 


81 -770 


18-338 

1 


Mean of thlek.plates . 


24-644 


23-354 


27-032 


24-171 


Mean of aU of one/ 
make . . \ 


24-792 


24-319 


29-063 


21-669 





The order of merit in the thinner plates is, (1) C ; (2) B ; (3) A ; 
and (4) D. With thicker plates it is, (1) C ; (2) A ; (3) D ; (4) 
B. The mean of the whole gives (1) C ; (2) A ; (3) B ; (4) D. 

The homogeneous metal plates exhibit throughout the highest 
tenacity, but the tenacity decreases as the plates are made thicker. 
Of the iron plates, those marked A are most uniform in strength, 
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Density 


Tenacity. 


7-7471 


24-453 


7-7684 


26-169 


7-7660 


24-569 


7-7666 


25 031 



the extreme difference being 1*64 tons. The B plates vary to the 
extent of 7133 tons : and the D plates 14*103 tons. But the 
quarter and half-inch plates of the latter series would appear to 
have been burnt or injured in the manufacture. 

Taking the means given in the last column, we see that in the 
average there is no great difference between the thicker and the 
thinner plates.' The extreme variation in these means is 1*74 tons. 
If we compare these means with the corresponding mean densities 
in Table I, there is a curious correspondence ; thus — 

H inch Plates 
2 inch Plates 
2i inch Pistes 
8 inch Plates 

Here the density and tenacity increase and diminish together. 
The same correspondence will be found, generally speaking, in 
each individual case on comparing the two Tables ; but there are 
exceptions in the case of the D plates. Taking into account the 
fact that the specimen employed in obtaining the specific gravity 
was cut at a distance of about 10 inches from the part broken 
by tension, the coincidence is sufficiently striking. The com- 
parison also holds good if we take the means of plates of the same 
manufacture^ with one exception. 

Denfllty. Tenacily. 

A Plates 7-8088 ... 24-644 

B Plates • 7-7085 ... 23*354 

C Plates 7*9042 ... 27-032 

D Pla^ 7*6322 ... 24171 

TABLE m. 
Summary giving the uUimate Slongation per wiii of Length. 



ApproximAte thickiiefls 
of plates. 


Ultimate eloxigation per unit of length. 


Mean Of 

plates of the 

same 

thickness. 


Aplatee. 


Bplates. 


Cplatee. 


D plates. 


i inch 

4 inch . . . . 

1 inch 


•0620 
•0760 

• • • 


•0800 
•0400 
•1000 


•2560' 

-1000 

•2080 


•0080 
•0111 
•0400 


0-0890 
0-0568 
0-1160 


11 inch . 

2 inches . . . 

21 inches . 

8 inches . . . 


•1768 
•8050 
•2880 
•8200 


-1462 
•2525 
-3200 
•2650 


•1925 
•8450 
•2950 
•2575 


•1925 
•1788 
•1600 
•2888 


0-1769 
0-2708 
0-2658 
0-2689 


Hean of thinner plates 


•0690 


•0566 


•1880 


•0197 




Mean of thicker plates 


•2728 


•2459 


•2725 


-1918 




Mean of all the plates 


•2046 


•1650 


•2863 


•1176 
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In this Table the order in which the diflFerenJ; series of plates 
stand with reference to ultimate elongation neai'ly coincides with 
the order in which they stand in reference to tenacity, if the 
means of plates of the same manufacture are compared. But, 
on the other hand, if we compare the means of plates of the 
same thickness, we find that on the whole the ultimate elonga- 
tion increaBes as the plates become thicker, whilst ^o law of this 
kind could be perceived in the mean tenacities. 

Mr. Mallett has introduced a new co-efficient of strength of 
considerable importance in these inquiries, namely, the dynamic 
resistance to rupture, or foot pounds of work done in rupturing the 
material.* This may be estimated with suflScient accuracy by 
multiplying the breaking weight in pounds by half the ultimate 
elongation. 

TABLE IV. 

Mr, MaU€tt*t coefficient, or work done in causing Rupture^ eorreeponding vnth Resitianee 

to Impact, ^ 



Approximate thickneBS 
of plates. 


Foot pounds of work causing rupture. 


Moan of 
plates of the 

same 
thlcknoas. 


A plates. 


B plates. 


C plates. 


D plates. 


i inch 

4 inch . . . . 

J inch 


1690-5 
2191-8 

• • ■ 


812-0 
1040-2 
8296-5 


8802-7 
8773-7 
7201 -5 


156-5 • 
187-4 
1186-0 


2865-4 
1785-8 
8895*0 


14 inch . 

2 inches . . . 
24 inches . 

3 inches . . • 


4767-5 
86.59-0 
7776-8 
8973-7 


8651-8 
6690-2 
8573-4 
6987-0 


5648-0 

10448-0 

9087 -2 

7878-0 


5424-0 
4933-1 
4073-7 
6812-7 


4872-7 
7682-6 
7877-7 
7787-8 


Mean of thinner plates 


1941-1 


1716-2 


6592-6 


493-8 




Mean of thicker plates 


7544-2 


6475-5 


8265-8 


5185-9 




Mean of plates of same 
make. 


5676-6 


4435-8 


8806-5 


8174-8 





It will be noticed that the numbers given in the case of the 
thinner plates are very variable, in consequence of the great 
fluctuations in the value of the ultimate elongation in those 
plates. This irregularity would have been eliminated if several 
specimens of each had been tried ; or, still better, if the specimens 
had been so long that the elongation of a much greater extent of 
metal could have been ascertained. The results obtained in the 

* The term ''footpounds*' is employed as the most oonTdnient dynamical unit, and 
means a pressure of one pound raised one foot 
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case of the thicker plates, with precisely similar round bars, are 
more uniform. 

Bearing this in mind, the Table exhibits several remarkable 
results. First, taking the means of plates of the same thickneas, 
it appears that the dynamic resistance increases as the plate 
increases in thickness ; in fact, the thick plates exhibit 2 J times 
the resistance of the thinner ones. The only exception to this 
general law is the ^ inch homogeneous metal plate, which was 
extremely ductile. 

Then, in the next place, it is to be observed that the dynamic 
resistance increases with the thickness of the plates in a higher 
ratio in the iron plates than in the homogeneous metal plates ; 
thus : — 





Thinner plates. 


Thicker plates. 


Ratio. 


A Plates ) 

B Plates } Iron ... 

D PUtes ) 

C Plates, Steel 


footpounds. 

1941-1 

1716-2 

493-3 

6692-6 


foot pounds. 
7544-2 
6476-6 
6186-9 
8266-3 


Ito 3-89 
Ito 3-77 
1 to 10-62 
1 to 1-25 



The result of this is, that the superiority of the homogeneous 
metal to iron is veiy striking in the thin plates, but becomes less 
and less as the plates increase in thickness. Thus, taking the best 
of the iron plates, namely series A, for comparison, we have the 
following ratios between the iron and steel : — 



Thickness in inches. 



A plates. 



C plates. 



Ratio of djmamic 
resistance. 



i 
i 
I 

2 
3 



foot pounds. 


foot pounds. 


1690-5 


8802-7 


2191-8 


8773-7 


• • • 


7201-5 


4767-6 


5648-0 


8669*0 


10448-0 


7776-8 


9087-2 


8973-7 


7878-0 



1 to 5-21 
Ito 1-72 

lto*i-19 
1 to 1-20 
Ito 1-17 
1 to 0-88 



In this Table we see that the ratio decreases with great regularity 
from 1 : 521 to 1 : 0*88 ; that is, the work done in rupture is with 
J-inch plates five times as great with homogeneous metal as 
with iron ; but the superiority decreases, and with 3-inch plates 
the resistance of the iron is 12 per cent, greater than that of 
the homogeneous metal This result precisely corresponds with the 
results obtained in the trials with ordnance. Thus, if we take the 
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mean between the thinnest plate which resisted the shot of any 
given weight, and the thickest which was peneti*ated by it^ as the 
maximum thickness of penetration with that projectile, we have 
from the experiments at Shoeburyness the following results : — 



RiaedOttn. 


Weight of 

projectilo 

inttw. 


Least thickness which 

would resist the shot 

in inches. 


Ratio of 
resiBtanoeof 

plates of 
equal thick- 
ness. 


A plates. 


Opiates. 


Wall-pieoe 

Armstrong 

II •• • ■•• 
II ••• ■•• 


0-344 
6-26 
11-66 
24-81 


0-87 
1-25 
1-76 
2 25 


62 
1-15 
1-75 
2-60 


1 : 1-97 
1 : 118 
1 : 1-00 
1 : 0-81 



The results in this Table are only roughly approximate ; but 
they show a decreasing resistance in the C plates when compared 
with the A platea 

Of the iron plates of diflfereut manufactures, the A series 
throughout manifests the greatest amount of dynamic resistance. 
Next to it the hammered plates of series B, and lastly, the rolled 
plates of series D. 

Taking the thicker plates which give the most accurate results, 
and employing the iron plates of series A as a standard of com- 
parison, we have the following ratios of dynamic resistance : — 



A Plates 
B Plates 
D Plates 



1000 
858 
683 



the C Plates (homogeneous metal) 1095 

With regard to the ultimate elongations given in Table III., the 
following additional observations may be made. Comparing the 
elongations of plates of the same make, we find the steel giving 
the greatest elongation, namely, 0*2725 per unit of length in the 
thicker plates. But the A plates of iron are almost identical, 
namely, 0*2723. Next, the B plates give 0-2459, and lastly very 
much lower, the D plates give 0'1913. In the steel plates the 
maximum elongation is given by the 2-inch plates ; in series A by 
the 3-inch plates ; in series B by the 2 J-inch plates ; and in series 
D by the 3-inch plates. 

The relative amount of ultimate elongation in the thicker 
plates, taking the Lowmoor plates of series A as a standard, is : — 

A Plates ) ( 1 -000 

B Plates V Iron ^0*902 
I) Plates ) ( 0-702 

C Plates, Steel 1000 
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In these researches* it will be observed that, assuming the 
amount of elongation to be the measure of ductility, the A plates 
from Lowmoor, and the C, steel plates, are in the average identi- 
cally the same as regards softness of the material. But in the 
3-inch plates, the iron is very superior to the steel. 

Resistance to Compression, 

167, To ascertain the resistance to crushing, cylinders were 
prepared | of an inch in diameter and one inch in height. These 
were placed between parallel steel crushing surfaces, and subjected 
to pressure gradually increased to over 40 tons, or 909 tons per 
square inch of the original area. 

All the specimens gradually squeezed down to about one-half 
their original height, increasing at the same time in diameter ; 
but no pressure was reached at which the resisting power of the 
material was entirely destroyed. 

The reason of this was, no doubt, that the increase of area sup- 
porting the pressure increased pari passu with the augmenta- 
tion of the pressure itself. 

The specimens were all much distorted, and in some cases 
greatly cracked. 

TABLE V. 
Summary of lUsviUs on ike Compressive Besistance of Wrought Iron and Steel, 



No. of ex- 
periment 



q>eciinen. 



Approximate 

thickness of 

plate. 



Ultimate pressure per 
square inch 



of original 
area. 



of inorensed 
area. 



Ultimate 

compression 

per unit of 

length. 



Ultimate 
permanent 
set per unit 

of length. 



1 
2 
8 
4 



5 
6 
7 
8 



9 
10 
11 
12 



B 



13 
14 
15 
16 



inches. 

n 

2 

24 
8 



tons. 

90-967 
90-967 
90-967 
90-967 



n 

2 

n 

8 



90-967 
90-967 
90-967 
90-967 



li 
2 

24 
8 



n 

2 

24 
3 



90-967 
90 967 
90-967 
90-967 

90-967 
90-967 
90-967 
74-667 



tons. 

67-286 
63-487 
52-946 
65-741 



•609 
•613 
•630 
•516 



•609 
•618 
-630 
•511 



61-366 
53-268 
64-696 
60-344 

64-372 
64-937 
57-895 
66-511 



62-659 
63-217 
50-154 
49-820 



•637 
•616 
•612 
•639 



'499 
•606 
•492 
•603 



•509 
•639 
•634 
•498 



•629 
•610 
•606 
•533 



•499 
•501 
•486 
•490 



•503 
•632 
•622 
•476 
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The mean ultimate permanent sets were in the several series of 
plates as follows : — 

If ean set. Ratio. 

A Plates ... 0-5158 ... 1000 

B Plates ... t)-5195 ... 1007 

C Plates ... 0-4988 ... 0-967 

D Plates ... 0-5080 ... 0*984 

The differences here are very small, showing, so far as they go, 
that the A and B series were softest, and that the C series 
exhibited the greatest resistance. 

Resistance to Punching, 

168. It was thought desirable to ascertain the statical punching 
pressure both with flat- ended and round-ended shot. 

For this purpose punches were prepared to fit into the end of 
the plunger employed in compression, and the plates were sup- 
ported on a die-block with a hole placed concentrically with the 
punch. 

In the fii*st series of experiments, the punch was flat-ended, and 
of 085 inch diameter; the area was therefore 0*56745 square 
inch. 

The hole in the die-block was made larger, namely, 1*25 inch 
in diameter. 

The weights were very slowly and regularly added, the incre- 
ments of weight being 0*8 ton at the commencement, and 0*4 ton 
towards the close of each experiment. 

The indentation was read off a scale, engraved on the plunger, 
by a fixed vernier. This indentation, as given in the Tables, has 
been corrected for the compression of the plunger itself and the 
yielding of the supports. 

In all these experiments it was extremely difficult to estimate 
with accuracy the ultimate indentation at the moment of fracture, 
owing to the suddenness with which the plate gave way. By 
examining the fracture afterwards, however, more or less reliable 
indications were found of the depth penetrated before i-upture. 
The part actually displaced by the punch was cylindrical, of the 
same diameter as the punch, and with a l)right cut surface. The 
remainder of the fracture was conical, with a broken laminated 
fracture of a dull grey lustre. The measurement of the fracture 
appears, therefore, to afford the most reliable evidence of the 
ultimate indentation which can be obtained under the circum- 
stances of the experiments. 
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TABLE VI. 

Sanmary of RetulU offini teries of Experi/nenU on Punching. 

Pauch 0-85 inch diameter. Flat-ended. 



I. 



s 



c> 



I 

g 
t 



2-3 

0t 



111 




I '4 



04 « 



ts 



i-s 


^t-3 


51-5 


§§'§ 


IP 


Workd 
puncbi 
footpo 


P'B 



l-sl 

02 



1 

2 
8 
4 



5 
6 
7 
8 



9 
10 
11 



12 
13 
14 
15 



A 


0-27 


81972 


14-2782 


B 


0-25 


19428 


8-67S2 





0-26 


82868 


14-6732 


D 


0-25 


18980 


8-4782 


A 


0-50 


67966 


25-8781 


B 


0.50 


57060 


25 -4? 32 





0-52 


78876 


82-9804 


D 


0-51 


50060 


22-3480 


B 


0-78 


88212 


39-8804 





0-81 


90004 


40-1804 


D 


0-78 


91796 


40-9806 


A 


1-01 


90004 


40-1804 


B 


0-98 


90004 


40-1804 





1-08 


90004 


40-1804 


D 


1-04 


90004 


40-1804 



29604 
19428 
81t)04 
189S0 


0-0150 
00142 
0-0183 
0-0142 


57956 
57060 
71035 
49080 


0-0153 
00166 
0-0150 
00188 


84587 

not punched 

82381 


0-0208 
0148 
0-0208 


not punched 
not punched 
not punched 
not punched 


0-0058 
0-0037 
0-0052 
0-0037 



1222 
138 
289 
135 



458 
474 
533 
449 



19-796 
12-922 
21-133 
12-692 



19-378 
19 034 
23-750 
16-410 



880 
857 



20 202 
19-'675 



The column in the above table headed " Reduced pressure " 
contains the pressures which would have been sustained by the 
plates in each series, if they had been exactly J, J, J-inch in thick- 
ness, instead of varying more or less from those thicknesses. It is 
calculated. from the fourth column, which contains the pressures 
actually sustained. 

The work done in foot pounds is obtained by multiplying the 
pressure at rupture by half the ultimate indentation in feet. 

The shearing strain is the pressure per square inch of the metal 
sheared, assuming that area to be the circumference of the punch 
multiplied by the thickness of the plate. Owing to the large size 
of the die, however, the correct shearing strain cannot be deduced 
from the experiments. But these numbers in the last column 
form, nevertheless, a convenient scale of the qualities of the 
material throughout the experiments. The Table shows that the 
C series manifested the same superiority in resisting punching, 
that they exhibited in the previous experiments. Of the iron 
plates the A series offered the highest resistance ; next the B 
series ; and lastly, the D series of rolled plates. In the thicker 
plates the difference between B and D is, however, not con- 
siderable. 

Q 
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TABLE VII. 

Summary of RetuUs of second series of Experiments on Punching. 

Pouch 0-60 inch diAzneter. Flat-ended. 



•sfl 



o 



I 

g 
•3 



k 



§ 






?^i 



I 






"S Sis 



•a! 


1^4 


■§!-■ 




P^ 


31^ 


»fl 


^ f'"S 


B^ 


^§J 



#4 M P 



16 
17 
18 
19 



A 


0.51 


34660 


16 4782 


B 


0-60 


81972 


14-2782 





0-60 


48100 


21-4782 


D 


0-51 


81972 


.14-2732 



20 
21 
22 



23 
•24 
26 



B 

D 



A 
B 
D 



33980 
81972 
48100 
31346 



0250 


426 


0-0250 


400 


0.0180 


434 


0233 


365 



0-76 
0-76 
0-76 



46996 

48788 
48788 



20*9804 
21-7804 
21-7804 



46996 
48788 
48146 



0-98 
1-04 



Plate not punched. 



61832 
63124 



27-7804 
28-1804 



62584 
60696 



0-0333 
0416 
0-0316 



783 

1016 

761 



19-359 
18-216 
27-408 
17-858 



17-850 
18-680 
18-286 



Fanch crushed. 



0-0492 
0-0483 



1640 
1466 



18-088 
17-290 



The following Table gives the shearing pressures of each series 
of plates in the two series of experiments on punching : — 



TABLE VIII. 
Summary ofSesuUs in Shearing, 



Diameter of 
punch. 


Approximate 
thiclEnees 
of plates. 


Shearin|r strain in tons per square inch. 


Means of 
plates of 
same thick- 
ness. 


A plates. 


B plates. 


C plates. 


D plates. 


0-86 iniu 1 


0-26 
0*60 
0-76 


19-796 
19-370 

* • • 


12-922 
19-034 
20-202 


21 138 
23*760 

• mm 


12*692 
16-410 
19-676 


16-636 
19-643 

■ • ■ 


0-60 ins. 1 


0-60 
0-76 
100 


19-369 

• • • 
> ■ • 


18-216 
17-860 
18-088 


27*403 
18*630 

• ■ • 


17-868 
18-286 
17-290 


20-709 

• • ■ 

• • • 


Meui • 


« • » 


19-611 


17-719 


22-704 


17-036 


• •• 



In these results we find the same order of merit as in the 
previous experiments. The relative resistance of each series, com- 
pared with the results on series A, being as follows :—* 



A Plates 


1000 


B Plates 


0*907 


C Plates 


1-168 


D Plates 


0-878 
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Mode of fracture. — ^As the pressure was applied the punch 
entered into the plate, forcing back the material, and causing a 
bulge beneath. This bulging continued till rupture, which took 
place in several ways. 

First. When the plates were thin, and the punch not very small 
as compared with the hole in the die, the fracture took place in 
the manner shown in section fig. 5, Plato IX. ; a plug being 
punched out, moderately convex on the lower surface, but without 
any cracks. 

Second. With thicker plates, a somewhat similar fracture 
occurred in those cases where the metal was suflBciently ductile to 
suffer a re-arrangement of its particles without fracture, but the 
plug punched out was more conical as shown in fig. 6. This form 
of fracture was very evident in the plates of series C. 

Third. In most cases, however, in the thicker plates, the tension 
across the bulge beneath caused radiating and other cracks there, 
before rupture ensued. The forms of these cracks are shown in 
fig. 7. 

Fourth. Where the punch was small compared with the thick- 
ness of the plate, a new form of fracture ensued with the iron 
plates. The bulge was large, and four or more radiating cracks 
extended across it some time before final rupture took place ; — 
ultimately a small plug of a conical shape was formed by the 
extension of the cracks, and being carried forwards by the punch, 
forced open the metal at the previously formed cracks, and 
fracture ensued. 

Third series of Experiments, — Punch 0*85 inch diameter with a 
round end. In the following experiments the same pieces of plate 
were employed, but a punch with a round end was substituted for 
the flat-ended punch previously used. The same die was used, and 
in all other respects the aiTangements were the same. The object 
was to ascertain the difference of result with a view to explain the 
great penetrating power of flat-ended shot when compared with 
the ordinary service shot. 
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*ABLB IX. 

Summary of Result of third $eriet of ExptriminU on Punching. 

Panch '85 indi diameter, irith roand end. 



No. of experi- 
ment. 


Mark on 
plate. 


Thickness of 
plate in inches. 


Pressure on 
punch at 

rupture in 
pounda 


Pressure on 

punch at 

rupture in 

tona 


Pressure re- 
duced to 
uniform thick- 
ness in povmds. 


26 
27 

.28 
29 


A 
B 
C 
D 


0-51 
0-60 
0-50 
0-51 


63124 
48788 
85524 
45204 


28 1804 
21-7800 
88-1810 
20-1804 


61886 
48788 
85524 
43337 


80 
81 
82 


B 
C 


0-72 
0-79 
0-76 


94484 

101696 

99904 


42-1810 
45-4020 
44-6000 


98420 
not punched 
98571 



Comparing the above resistances with those of an ordinary flat- 
ended punch of the same size, we have 





Resistance in lbs. 




Punch 
flat-ended. 


Punch 
round-ended. 


i A plates 
HJf.iz.ch thick . . l^^^ • • • 

( D plates . . . 
Three-qnarter-inch thick ^ Pjj^J^ '.'..' 


57956 
57060 
71035 
49080 
84587 
82381 


61886 
48788 
85524 
43837 
98420 
98571 


Mean 


67017 


72754 



The means of the two punches are in the ratio of 1000 to 1085, 
or 8^ per cent, greater in the round-ended punch, and this is due 
chiefly to the results on the three-quarter-inch plates. 

The ultimate indentation could not be observed in these experi- 
ments, but we may roughly indicate the difference of indentation 
in these, as compared with the previous experiments, by averaging 
in each case the indentation produced by the weight next less than 
that which produced rupture. 



• 


Indentation in inches. 


Flat-ended 
punch. 


Round- ended 
punch. 


Ratio. 


( A plates . 
Half.inch thick . . j ^jJ^J^ ; 

( Dplates . 
Three-qoarter-inch thick | ^ ^^ ' 


•10 
•09 
•18 
•08 
•12 
•15 


•37 
•88 
•52 
•30 
•87 
•41 


1 to 3-7 
1 to 87 
1 to 4-0 
1 to 8-7 
1 to 8-1 
1 to 2^7 


If ean 


0111 


0-883 


1 to 8^45 



/ 
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It will be observed that whilst the statical punching pressure 
was nearly the same, the indentations were very different in the 
two cases. In fact, the indentation with the round-ended punch 
was nearly 3^ times as great as with the flat-ended punch. It 
would appear that with the round-ended punch the ultimate 
indentation was equal to the thickness of the plate, whilst with the 
flat-ended punch it was less than half that amount. 

And hence we derive the remarkable deduction, that whilst the 
statical resistance of plates to punching, in the cu*cumstances in 
which they were placed in these experiments, is nearly the same^ 
whatever the form of the punch, yet that the dynamic resistance 
or work expended in punching, is twice as great with a round- 
ended punch as with a flat-ended punch. Of course, this only 
approximately expresses the true law, but it offers a remarkable 
coincidence with the results derived by trials with ordnance, and 
affords an explanation of the difference which has in such trials 
been observed. 

Computation of a General Formula, for the resistance of 

Wrought'iron Plates to Shot 

169, Putting W for the work accumulated in a shot at the 
instant of striking a wrought-iron plate, 'tt; for the weight of the 
shot in pounds, and v for its velocity in feet per second ; then 



(1.) W = 



w »' 



64-4 • 

If, in striking, this shot penetrate, and expend the whole of the 
work in effecting the rupture of the plate, W would be equal to the 
work causing the inipture of the plate. 

The experiments on punching show that, with a round-ended 
punch, the depth of penetration at the point of rupture may be 
assumed as approximately equal to the thickness of the plate 
itself. It will vary from this with different materials, being 
greater with the more ductile and less with the more rigid, but 
in the present state of our knowledge this is the best hypothesis to 
make. 

If, then, P be the statical punching pressure in pounds, Wi, 
the work done in punching, in foot pounds, and t the thickness of 
the plate in inches, 

(2.) W, -P^.' 

But the experiments show that P varies approximately as the 
area of the metal in the section sheared ; that is, as the circum* 
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ference of the shot multiplied by the thickness of the plate ; so 

that 

(3.) P = 2 V r < «, 

where r = semi-diameter of shot, and 8 = shearing resistance of 
the material in pounds, 

(4.) .. W, = _^2— ; 

and if W=Wi, we have, substituting the value found inequa- 
tion (1) ; — 

6iT ~ 12 ' 

and, solving this equation for t, We have 



w ' = V- 



w 



t^ 



10-73 « r « 

This is the general formula for the penetration of wrought iron 
by shot, from which, knowing the weight and diameter of the shot 
and the sheariog stress, the maximum thickness of penetration 
could be found for round-ended projectiles, of such a material that 
the whole of the work in the shot was given up to the plate. 

Cast iron service shot are far from fulfilling the conditions stated 
above. Taking this into consideration, and also that the velocities 
at impact are at present not ascertained, it will be suflScient for 
present purposes to assume 



<'^> ' = \/^' 



where C is a constant to be deduced from experiments with 
ordnance. 

Application of Oeneral Formula to the Experiifnents at 

Shoeburynesa, 

For this purpose it is necessary to know the maximum thickness 
of perforation, or that thickness of wrought iron which any given 
shot exactly penetrates, leaving the plate with no remaining 
velocity. The Shoeburyness experiments give the thickness of 
plates perforated by each size of shot up to the limit at which the 
plates resisted the impact. If the mean be taken of the greatest 
thickness perforated and -the least thickness which resisted the 
shot in each case, this will give the nearest approximation to 
the maximum thickness of perforation which under the circum- 
fiftanoes can be obtained. 
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Taking these meaas for each series of iron plates separately, 
and averaging the results, we get the following numbers : — 



Description of gun. 


Maximum thickneM of perforation in inches. 


Armatrong 6 ponnder . 

ti 12 ,, . , , 
ft 26 ,, • . . 
If *o „ . . , 


1-286 
1-808 
2-350 
2-820 



Substituting these values of t in the general equation (6), we 
get for the value of the constant C 3,374,940. Hence 



■V- 



w v^ 



S« 874, 940 r 



Recalculating from this equation the values of t, and placing 
them beside the results obtained at Shoeburyness, we have ih^ 
following table : — 

Companion of gentcrdl formula with Experiment, 



Daaeription of gun. 



I 

■act 



^ 



i 



•Si 



I 



o 

-3 



Haximum 
thickness of 
perforation. 



By ex- 
peri- 
ment 



By 

formula 



Error 

of 
formula 






Armfltrottg 6 ponnder 

12 

25 

40 
100 
Smooth bore 68 



II 
If 



6-25 
11-56 
24-81 
40-00 

iiopo 

66-25 



0-75 
1-50 
818 
5 00 
14 00 
16-00 



1141 
1155 
1169 
1166 
1175 
1667 



1-22 
1-46 
1-84 
2-84 
8-46 
8*96 



1-286 
1-803 
2-860 
2-820 



1-406 
1-769 
2 887 
2-668 
8-618 
8-470 



lb 



Looking to the fact that the formula is merely provisional, 
and in some respects derived from imperfect data, the corres- 
pondence between the experimental and calculated results is suf- 
ficiently striking. 

The formula applies only to cases in which the action of the 
shot is approximately similar to that of punching, and not to 
cases such as the 3-inch steel plate and the Q-inch iron plate, 
which broke by transverse fracture. 

The increase of rigidity resiilting from increase of thickness, 
apart from any question of the ductility of th$ material, decreases 
the resistance of the thicker plates. 

At present it does not appear possible to rationalise satisfac- 
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torily the constant G = 3,374,940. But it indicates that a large 
part of the work accumulated in the shot is wasted through the 
breaking up of the shot itself. Another circumstance affecting the 
shearing stress is the size of the fracture, which was always con- 
siderably larger than the shot itself 

Wm. Fairbairn. 

« 

Strength of Wrought Iron Girders* 

160. The experiments instituted for the purpose of ascertaining 
the value of wrought-iron riveted plates in the form of tubes, 
through which a railway train should pass, was a conception which 
.led to a new era in the history of bridges, and ultimately effected 
the passage of the estuary of the Conway and the Menai Straits. 
These experiments gave not only the form and strength required 
for the construction- of those colossal structures, but they developed 
an entirely new system of constructive art, and established the 
principle on which wrought-iron bridges should be made. Since 
then some thousands of bridges, many of them of great span, have 
been made, composed entirely of wrought iron, and are now in 
existence, supporting railways and common roads to an extent 
hitherto unknown in structures, which could not have been accom- 
plished by any other description of material than that of malleable 
iron. 

The construction of the Britannia and Conway bridges in the 
tubular form, led to others, such as the tubular girder, the plate 
and lattice girder, and other forms, all founded on the principle 
developed in the construction of the large tubes as they now span 
the Conway and Menai Straits. In the tubular bridges it was 
first designed that their ultimate strength should be six times the 
heaviest rolling load that could ever be laid upon them, after 
deducting half the weight of the tube. This was considered a fair 
margin of strength, but subsequent considerations, such as gene- 
rally attend a neW principle of construction • with an untried 
material, induced an increase of strength, and instead of the ulti- 
mate powers of resistance being six times, it was increased, in 
some cases, to eight times the weight of the greatest load. 

The stability and great success of these bridges gave increased 
confidence to the engineer and the public, and for several years 
the resistance of six times the heaviest load was considered an 
amply sufficient margin of strength. 

* Report by Mr. Fairbairn to tbe Board of Trade of LU Experimento for ascertaining 
the Strength of Iron Structares. 1864. 
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« 

Owing to the success of these undertakiogs, there was a general 
demand for wrought-iron bridges in every direction, and numbers 
were made without any regard to first principles or to the law of 
proportion which should be observed in the sectional areas of the 
top and bottom flanges, so clearly and satisfactorily shown in the 
early experiments. The result of this was a number of weak 
bridges, and many of them so dispropoi-tioned in the distribution 
of the material as to be almost at the point of rupture, with little 
more than double the permanent load. These discrepancies^ and 
the erroneous system of contractors tendering by weight, led not 
only to defects in the principle of construction, but the introduc- 
tion of bad iron, and in many cases equally bad workmanship. 
Now, there is no construction which Requires greater care and 
more minute attention to sound principles than wrought-iron 
girders, whether employed for bridges of large or small span, or for 
buildinga The lives of the pubUc, in this respect, entirely depend 
upon the knowledge and skill of the engineer and the selection of 
the material which he employs. 

The defects and break-downs which followed the first successful 
application of wrought iron to bridge building, led to doubts and 
fears on the part of engineers, and many of them contended for 
eight and even ten times the heaviest load as the safe margin of 
strength. Others, and amongst them the late Mr. Brunei, fixed a 
lower standard, and I believe that gentleman was prepared in 
practice to work up to one-third or two-fifths of the ultimate 
strength of the weight that would break the bridge. Ultimately 
it was decided by the Lords Commissioners of Trade, "that all 
future bridges for railway traffic shall not exceed a strain of five 
tons per square inch." 

The requirement of five tons per square inch did not appear 
sufficiently definite to secure, in all cases, the best form of con- 
struction. It is well known that the powers of the resistance to 
strain are widely diflferent with wrought iron, according as the 
forces of tension or compression are applied ; it is even possible so 
to disproportion the top and bottom flanges of a wrought-iron 
girder, calculated to support six times the rolling load, as to cause 
it to yield with little more than half the ultimate strain, or 10 tons 
on the square inch. For example, in wrought-iron girders with 
solid tops it requires the sectional area in the top to be nearly 
double that of the bottom, to equalise the two forces of tension 
and compression, and unless these proportions are strictly adhered 
to in the construction, the five-ton strain per square inch is a 
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fallacy which may lead to dangerous errors. Again, it was ascer- 
tained from direct experiment that double the quantity of material 
in the top of a wrought-iron girder was not the most efifective form 

for resisting compression. On the contrary, it was 
found that little more than half the sectional area of 
the top, when converted into rectangular cells similar 
to a, a, a {see fig.), was equivalent in its powers of 
resistance to double the area when formed of a 
solid plate. This discovery was of great value in 
the construction of tubes and girders of wide span^ 
as the weight of the structure itself — ^which in- 
creases as the cubes, and the strength only as the 
squares — forms an important part of the load to 
which it is subjected. On this question it is evident 
that the requirements of a strain not exceeding five tons per 
square inch cannot be applied in both cases, and is therefore 
ambiguous as regards its application to different forms of structure. 
In the five-ton per square inch strain there is nothing said about 
the dead weight of the bridge, and we are not informed whether 
the breaking weight was to be so many times the applied weight, 
plus the multiple of the load, or whether it included or deducted 
the weight of the bridge itself. 

These data are wanting in the railway instructions, and until 
some fixed principle of construction is determined upon, accom- 
panied by a standard measure of strength, it is in vain to look for 
any satisfactory result in the construction of ix)ad and railway 
bridges composed entirely of wrought iron. 

I have been led to inquire into this subject with more than 
ordinary care, not only on account of the imperfect state of our 
knowledge, but from the want of definite instructions. I have in 
the following experimental researches endeavoured to arrive at 
the extent to which a bridge or girder of wrought iron may be 
strained without injury to its ultimate powers of resistance. And, 
moreover, I have endeavoured to ascertain the exact amount of 
load to which a bridge may be subjected without endangering its 
safety, or, in other words, to determine the fractional strain of its 
estimated powers of resistance. 

To arrive at correct results, and to imitate as neai*ly as possible 
the strain to which bridges are subjected by the passage of heavy 
trains, the apparatus specially adapted for that purpose was de- 
signed to lower the load quickly upon the beam in the first 
instance, and subsequently to produce a considerable amount of 
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vibration as the large lever with its load and shackle was left sus- 
pended upon it in the second. 

The machinery for lifting the weight from off the girder con- 
sisted of a shaft and pulley driven by a water wheel, and from this 
shaft the apparatus for lifting the load was worked by a strap 
from the pulley on a pinion shaft, which drove a spur wheel, con- 
nected with the lever by a connecting rod. 

The girder subjected to vibration in these experiments is a 
wrought-iron plate beam of 20 feet clear span, and of the following 
dimensions : — 



Area of top : 1 plate, 4 io. x 4 u>. 

„ 2 angle irons, 2" x 2" x // 

Area of bottom : 1 plate, 4 in. x | 

„ 2 angle irone, 2* x 2'' x ^, 



Inchen. 
2 00 
2-80 



tt 



1-00 
1-40 



4 SO 



2-40 



Web: 1 plate, 151" x J* 1-90 

Total sectional area . • . 8*60 



Depth 16 iDcliee. 

Weight .7 owt. 3 qra. 

Breaking weight (calenlated) . .12 tons. 

The beam having been loaded with 6643 lbs., equivalent to one- 
fourth of the ultimate breaking weight, the experiment com- 
menced as follows ; — 

EXPBRIMENT L 

Sxperimemt cm a WrcuglU-irom Beam with a hanging Uad eqwtvcUent to one-fowrth of 

the Breaking Weight, 



Date. 


Kumberof 
changes of load. 


Deflection pro- 
duoed by load. 


Rekaru. 


1860. 




in. 




March 21 





0-17 




„ 28 


1(,610 


016 








0-16 i 


Strap fonnd loose on the 24th, and 


„ 26 


46,100 


falling to lift the load. 


„ 28 


72,440 


0-17 




„ 81 


112,810 


0-17 




AprU 2 


144,350 


016 




7 


202,890 


0-17 




„ 18 


268,828 


017 




» 17 


821,015 


0-17 


strap fonnd broken on the 20th. 


„ 27 


408,264 


016 




May 1 


449,280 


0-16 




« 


489,769 


016 




9 


636,865 


016 




„. U 


596,790 


16 


- 



The beam having undergone about half a million changes of 
load, by working continuously for two months, night and day, at 
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the rate of about eight changes per minute, without producing any 
visible alteration, the load was increased from one-fourth to two- 
sevenths of the statical breaking weight, and the experiment pro- 
ceeded with till the number of changes of load reached a million. 



EXPERIMENT II. 

Experiment on the same beam vith a load equivalent to ttoo-$evenths of the Breaking 

Weight, or nearly 3^ tone. 



Date. 


Nuxhber of 
chaugw of load. 


Deflection in 
inches. 


RnrARKR. 


1860. 




/ 


In this experiment the number of 
changes of load is counted from 0,' 


May 14 





0-22 < 


althoagh the beam had already 








undergone 596,790 changen, as 






1 


shown in the preceding table. 


» 17 


86,417 


0-22 


r 


», 22 


85,820 


0-22 




„ 29 


161,500 


0-22 




Jane 4 


194,500 


0-21 




8 


286,460 


0-21 




„ 16 


292,600 


0-22 




„ 26 


403,210 


0-23 





The beam had now sustained one million changes ^of load 
without any apparent change, when it was considered necessary to 
increase the load to 10,486 Bbs., or two-fifths of the breaking 
weight, when the machinery was again put in motion. With this 
additional weight the deflections were increased, with a permanent 
set of '05 inch, from '23 to '35 inch, and after sustaining 5175 
changes it broke by tension a short distance from the middle of 
the beam. It is satisfactory here to observe, that during the 
whole of the 1,005,175 changes, none of the rivets were loosened 
or broka 
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EXPBRIMBNT III. 

BEAM BEPAIBED. 

The l)eam broken is the preceding experiment was repaired by replacing tbe broken 
angle Itoob on each side, and putting a patch over the broken plate equal in area to the 
plate itself. Thus repaired, a weight of three tons was placed on the bctam, eqaivalent to 
one-fourth of the breaking weight, when the experiments were again continued as before. 



DHte. 


Number of 
changOB of load. 


Deflection in 
inches. 


Permanent set 
in inches. 


ASMABXS. • 








1 


The load during these 


1860. 








changes was equlya- 








lentto 10,500 lbs. or 


August 9 


158 




\ 


4-6875 tons at the 
centra. With this 
weight the beam took 
a Iai|;e but unmeasured 
set. 

During these changes the 


« n 


12,950 


^"^^ 


- i 


load on the beam was 
8,025Ib8.or3'58tons. 


„ 18 


25,900 


0-22 


{ 


Load reduced to 2 -96 tons, 


» 18 


25,900 


0*18 


° ( 


or one fourth the 
breaking weight. 


» 24 


101,760 


0-18 







September 1 


140,500 


0-18 


01 




„ 16 


242,860 


018 


001 




October 6 


375,000 


18 


O'Ol 




NoTember 8 


577,800 


018 


0-01 




December 1 


768,100 


0-18 


0-01 




1861. 










January 9 


1,121,100 


018 


01 




February 2 


1,342,800 


0*18 


01 




March 2 


1,602,000 


0-18 


01 




April 6 


1,885,000 


017 


01 


, 


May 4 


2,110,000 


0-17 


01 




September 4 


2,727,754 


017 


01 




October 16 


3,150,000 


017 


0-01 





At this point the beam having sustained upwards of 3,000,000 
changes of load without any increase of the peimanent set, it was 
assumed that it might have continued to bear alternate changes to 
any extent with the same tenacity of purpose, as exhibited in the 
foregoing Table. It was then concluded to increase the load from 
Jth to Jrd of the breaking weight, and having laid on four tons, 
which increased the deflection to '20, this experiment was pro- 
ceeded with in the same order as in the previous ones. 
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BXPERIMBXT IV. 



Date. 


Number of 
changee of load. 


Deflection in 
inches. 


Permanent set 
iniuohes. 


ReMABKA. 


1861. 
Ootober 18 

19 
Noyemberl8 
December 18 

1862. 
January 




4,000 

126,000 

237,000 

318,000 


0-20 
0-20 
0-20 
0-20 




- 1 

1 


Broke bj tension across 
the bottom web. 



From these experimeuts it is evident that wrought-iron girders 
of ordioary coDstruction are not safe when submitted to violent 
disturbances equivalent to Jrd the weight that would break them. 
They, however, exhibit wonderful tenacity when subjected to the 
same treatment with ^th the load ; and assuming therefore that 
an iron girder bridge will bear with this load 12,000,000 changes 
without injury, it is clear that it would require 328 years, at the 
rate of 100 changes per day, before its security was affected. It 
would, however, be dangerous to risk a load of Jrd the breaking 
weight upon bridges of this description, as according to the last 
experiment the beam broke with 313,000 changes, or a period of 
eight years at the same rate as before would be sufficient to break 
it. It is more than probable that the beam might have been 
injured by the previous 3,000,000 changes to which it had been 
subjected ; and assuming this to be true, as time is an element in 
the calculation, it would then follow that the beam was progressing 
to destruction, and must of necessity, at some time^ however 
remote, have terminated in fracture. 

The experiments, so far as they go, throw considerable light on 
this very intricate and very important subject. They are probably 
carried sufficiently far to enable us to state with certainty what is 
the safe measure of strength; and as much depends upon the 
quality of the material and the skill with which the girders are 
put together, it becomes necessary for the public safety that a 
measure of strength should be established without encumbering 
the structure with unnecessaiy weight. On this question it must 
be borne in mind that every additional ton that is not required 
beyond the limits of safety is an evil that operates as a constant 
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quantity tending to produce rupture ; and hence follows the neces- 
sity of a careful distribution of the material, in order that the 
tube or girder shall be duly proportioned to the strains it has to 
bear, and that every part of the structure shall have its due 
proportion of work to perform. 

I have assumed for the sake of illustration that every descrip- 
tion of material, as regards its cohesive properties, follows the 
same law as that which we have experimented upon, or, in other 
words, in the ratio of its physical powers of resistance, that is to 
say, any beam will follow the same law in regard to its ultimate 
powers of resistance when operated upon by a corresponding load 
due to that power. If this be true, we have only to follow the 
same rule as observed in the experiments, by loading cast iron or 
wooden beams in the ratio of their cohesive powers of resistance 
and their breaking weights respectively. This has not been 
proved experimentally, but I hope at some future time to have an 
opportunity of extending the experiments in order to determine 
to what extent these views are correct. 

Assuming the top of the girder to be sufl&ciently rigid to 
prevent buckling by compression, the formula for the strength of 
the bottom section, derived from my own experiments on the 
model tube at Millwall, is, 

I 

e 3s the eoDstant 80 derired from experiment. 

Applying this formula to the beam experimented upon, we 
have — 

a, the area of tlie bottom i* 2'4 inches, 

cl, the depth of the beam =3 16 inches, 

Ct the constant deduced from the model tube ^^ 80 inches, 

I, the span or distance between the supports = 2i0 inches ; 

Hence W = ^^ ^ ^«^ <^^ =. 12-8 ton., 

240 

the ultimate strength of the beam. 

In order to obtain the strain per square inch from these experi- 
ments, formula 

S = — ~ may be nsefnl, 
i a d 

where S represents the strain per square inch upon the section a, 
produced by the greatest load, w, laid upon the middle of the 
girder. 

It is necessary to observe, that in a girder properly proportioned, 
the greatest strain per square inch will take place upon the bottom 
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section, so that if the strain upon the bottom section of such a 
girder be within the conditions of safety, the strain upon the top 
section will necessarily be within this limit also. In a girder, 
having the cellular structure at its top section, the area should be 
very nearly IJ times that of the bottom section, or the areas of 
their sections should be respectively as 5 : 4, and the strain per 
square inch upon these parts will be respectively inversely as their 
areas, that is, the strain per square inch upon the top section will 
be four-fifths of the strain per square inch upon the bottom 
section. In one of the foregoing experiments, without cells, we 
have, where I, the length of the girder = 240 inches, 

w, the weight laid on the middle = 2*96 tone, 
a, the area of the bottom section =2*4 inches, 
d, the depth of the girder =16 inches ; then 

240 X 2-96 . fl„. 

- 4*62 tons, 



S 



4 X 2*4 X 16 



which is the strain per square inch on the bottom section of the 
girder. 

Applying these formuke to the whole series of experiments, we 
obtain the following summary of results : — 



SUMMARY OF RESULTS. 

First Sebies of Experiments. 
Beam 20 feet between tbe supports. 



. of experi- 
ment. 


Date. 


ht on middle 
the beam 
[n tonn. 


3er of changes 
of load. 


in per square 
on bottom. 


n per square 
ch on top. 


iflection in 
inches. 


BXMABXS. 


£ 






& 


II 


Strai 
in 


a 




1 


From March 2l8t ) 
















to May 14 th, [ 


2-96 


596,790 


4-62 


2-68 


•17 






1860 . . ) 














2 


From May 14th) 
















to June 26th, > 


8-50 


408,210 


5-46 


8-05 


•28 






1860 . . ) 














8 


From Joly 25th) 
















to Joly 28ih, \ 


4-68 


5,176 


7-81 


4-08 


•85 


Broke by tension 




1860 












a short distance 
from the centre 
of the beam. 



Here it will be obeerred that the number of 1,005,175 changes was attained before 
fracture, with Tarying strains upon the bottom flange of 4*62, 5 '46, and 7 '81 tons per 
square inch ; and in the 
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Second Series of Experiments — 
Beam repaired—the following reeults were obtained. 



t. 

m 

O 



Date. 



Woigbt 

on 

middle 

of the 

beam in 

tons. 



Number of 
cbongos 
of load. 



Strain 
per 

square 
Inchon 
bottom. 



Strain 

per 

square 

inch on 

top. 



SB 



Rbmabks. 



8 



August dtii, 1860 . 



August 11th and 
12th 



'! 



From August 13tb^ 
1860, to October 
16th, 1861 . 



4 FromOctoberlStb, 
1861,toJanuary 
9tb, 1862 . . 



4-68 



8-58 



296 



4-00 



158 



25,742 



8,124,100 



313,000 



7-31 


4-08 


3-59 


3-12 


4-62 


2-58 


6-25 


3-48 



— I The apparatus was 
aoddentally set 
in motion. 

•22 



•18 



Broke by tension 
'20 ! as before close 
to the plate ri- 
Yeted over the 
preTious frac- 
ture. 



The number 3,463,000 changes was, in this case, attained before fracture ensued. 

From the above it is evident that wrought-iron girders, when 
subjected to a load equal to a tensile strain of 7 tons per square 
inch, are not safe if that strain is subjected to alternate changes 
of taking off the load and laying it on again, provided a certain 
amount of vibration is produced by that process ; and what is 
important to notice is, that from 300,000 to 400,000 changes of 
this description are sufficient to ensure fracture. It must, how- 
ever, be borne in mind that the beam from which these conclu- 
sions are derived had sustained upwards of 3,000,000 changes, 
with nearly 5 tons tensile strain on the square inch, and it must 
be admitted from the experiments thus recorded that 5 tons per 
squai-e inch of tensile strain on the bottom of girders, is an ample 
standard of strength. 

As regards compression, we have only to compare for practical 
purposes the difference between the resisting powers of the 
material to tension and compression, and we shall require in a 
girder without cellular top from one-third to three-fourths more 
material to resist compression than that of tension ; and as 
wrought iron, in a state of compression, is to that of tension as 
about 3 to 4*5, the area of the top and bottom will be nearly in 
that proportion, or in other words, it will require that inuch more 
material in the top than the bottom to equalise the two forces. 
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In the experimental jbpaw, tl^e §,re^ of ih^ top was considerably 
in excess of that of the bottom, baviqg beep copstructed on data 
deduced from the experiments on tubes witjiout cells, which re- 
quired nearly Rouble the area on the top to resist crushing. In 
the construction of larger girders, where thicker plates are used, 
this proportion no longer exists, as much greater rigidity is 
obtained firom the thicker plates, which causes a closer approxir 
n^q-tioft to equal area, iu the top and bottom of the gir4er ; and 
from this we deduce that from i to |, and in some cases J addi- 
tional area in the top has been found, according to the size of 
the girder, sufficient to balance the two forces under strain. 

The foregoing experiments were, however, instituted to determine 
the safe measure of strength as respects tension, and it will be seen 
that in no case during the whole of the experiments was there any 
appearance of the top yielding to compression. 

In all these experiments it will be observed that we have taken 
the wbolf5 area of the bottom flange, without deducting for the 
rivet holes in the angle irons and the bottom plate. The deduc- 
tions were omitted in order that the experiments might be com- 
pared wit}i others where they have not been taken into account. 
There were four, J-inch in diameter, in the bottom flange, two in 
each angle iron, and two in the plate, making an area of '625 
inch. This reduces the area for tension from 2*4 to X'77o ii^ches. 
Undey tl^e conditions of reduced area, it will be found that the 
strains per square inch upon tjie bottom flange, with the variable 
load^ according to the foi'mula, will be as follows : 

Weight en middio BtnUn per square inch 

of beam in tons. No. of changes. on bottom flange. 



1st B^petim^nt. Hay If 1860 . S'9Q ^90,700 6-2$ 

2nd BzperimeDt, June 26, 1860 . t'50 403,201 7'39 

8rd Szperiment, July 28, 1800 . 4 68 5,175 9*88 

Bba^ Repaired. 

let Experiment, August 9th» 1860 468 168 9'88 

2pd Ifxpepment, Angnst 12th, 1860 8*58 25,742 7'56 

^rdBxperiment, October 16th, 1861 2*96 8,124,100 6-25 

4th Sxperiment, Jai^nary 8th, 1862 4*00 318,000 8*45 

From the above it will be seen that the actual strain upon the 
soli4 plate was considerably increased. And the beam broke in 
the fifst se^eg with a strain of nearly 10 tons upon the square 
inch ; and in the second i^ith a strain of 8J tons, after sustaining 
3,463,000 changes of load. From this it may be inferred that a 
wrought-ifon bridge would be perfectly safe for a long series of 
years with a strain of 6 tons per square inch, or one-fourth the 
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statical breaking weight. It is, however, evident fjropi these ex- 
peiiments, that time is an element which enters into the resisting 
powers of materials of every description when subjected to a mn- 
tinned series of changes. These may be very minute, but assum-^ 
ing them to be of sufficient force to produce molecular disturbr 
ance, it then follows that rupture must eventually ensue. 

Wm. Fairbairn. 

161, ExpeHnienta on a box beam made of Puddled Steel Plates. 

Br Mb. FAIRBAIRN. 

(Plate 10. Figs. 1 to 5.) 

aq. inches. 
Bottom seotioD, 1 steel plate, 18 x ^ in. = 4*50 
i angle irons, 14 x IJ x ;( in. = 2*74 



»? 



Total ^^% • , 7*2^ 



Top section, 1 steel plate, 18 x ^ ij|. » 5'02 
4 angle irons, li x 1^ x ^ in. » 2*74 



ly 



Total area . 



8-36 



Sides, 2 plates 2 it. 2} in. x A in. =6*30 square inches. 
Distance between supports 87 n. 6 in. 
Weight of be^m 80 cvt. 8 qrs. 



TABLB f. 



1 X o. of 
; experi- 
ment. 


Weight laid on 
in lbs. 


Deflection 
in inches. 


1 Perma- 
, nentsot 
in iuohee. 


Reuabks. 


1 


; Own Weight. 












2 


1680 


•03 




Scale and shackles. 




8 


4099 


•09 








4 


6618 


•16 








5 


8937 


•24 








6 


11356 


•30 








7 


13775 


•35 








8 


16194 


•42 








9 


13613 


•50 








10 


21032 


•57 








11 




•59 




After having been left with weight 
pended for 10 hours. 


sus- 


12 


28451 


•64 


•OQ 






18 


25870 


•70 








14 


28289 


.79 








15 


80708 


•85 








16 


88127 


•92 








17 


85546 


•99 








18 


87965 


lr08 








19 


40384 


1-15 








20 


42803 


125 




The beam giring way sideways. 




21 


44012 


1-30 


•21 




1 



B 2 
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At this point the beam throughout its length was giving way 
sideways, as shown at A. The deviation from the perpendicular 
amounted to from one inch to one inch and a quarter. The 
experiment was therefore discontinued and the weight lifted oflf 
the beam by a hydraulic pump to get the beam righted. For 
this purpose two diagonal props were driven in hard at the centre 



»-,... 


•--•"••— ^ 


L. ''\ > 


1 


■ 1 


r 


• 1 
■ f 

: / 




IX 








• 1 

• 1 
« 1 

• f 

;/ 

• J 

• / 

• f 

• f 




11 


i <' 111 
1 ill 



of the beam as shown at B, and after forcing the ends square 
again two broad plates were riveted over them, as shown at C, to 
prevent their giving way a second time. 



TABLB II. — {JExperiment continued). 



No. of 


Weight 


Breaking 


Deflection 


Permanent 




ezperi- 


laid on in 


weight in 


in 


set in 


Remarks. 


xnont. 


lbs. 


tons. 


inches. 


inches. 




22 


44012 


— 


1-80 


0-21 




23 


45222 




1-82 






24 


46431 


— 


1-35 


>— 




25 


48850 


^"""* 


1-44 


— 




26 


51269 




1-53 


— 




27 


53688 




1-62 






28 


66107 




1-72 


— . 




29 


58526 


— 


1-85 


-. 




SO 


60945 


— 


1-99 


__ 




81 


63364 




2-10 


..m^ 




82 


65783 


— 


2-20 


— . 




83 


67597 




2-26 


... 




34 


— — 




2-26 


■ 


After 16 honn. 

1 



The experiment was again discontinued for a time as the beam 
was giving way by the distortion of the sides. AU the four side 
plates next the centre were more or less bulged. 

After remaining all night with the weight suspended from it the 
deflection had not increased in the slightest degree. 
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No. of 


Weight laid 


Breaking 


Deflection 


Permanent 




experi- 


on in 


weight in 


in 


set in 


Bbmarks. 


ment 


Ite. 


tons. 


inches. 


inches. 




85 


67597 


^^ 


2-25 


1 




36 


69411 




2-30 


— . 




37 


70621 




2-35 






38 


71830 




2-70 


— 




39 


78040 


— 


»2-80 


-^ 




40 


74250 


i— . 


2-96 


— . 




41 


75460 




3-10 


— . 




42 


76805 


34-065 


— • 


— 


Broke. 



The fracture was dull and laminated, like that of dark gi'ey iron, 
and was deficient of that texture peculiar to steel. 

The beam broke, tearing across the bottom, through two rivet 
holes on each side, and across the solid plate. The side plates 
were also torn through the rivet holes of the centre joint from top 
to bottom. Before giving way the side plates had bulged or buckled 
considerably. 

For comparison with this beam we take the model tube of the 
Conway Experiments, the data of which are as follow : — 

Total area of metal at centre =55*47 square inclics. 

Breaking weight, inclnsive of ^ the weight of the tube = 89*15 tons. 

Ultimate deflection = 4*81 inches. 

Distance between supports =75 feet. 

Depth of tabe =54 inches. 

Weight of tube » 6 tons. 

Now, for comparison of the respective strengths of these two 
forms of tubes, the most satisfactory method is to apply the 
formula 

f^ = C . . . (1.) 

Where W is the breaking weight in tons, I the distance between 
supports, a, the total area in square inches, and d, the depth ; C 
then represents the relative strengths of the tubes for a given 
weight of material. 

Applying this formula to the preceding experiments, and 
adding to the tabular breaking weights one half of the weight 
of the tube itself, we have — 

35-60 2 X 3 7*5 _ 
^ ^ 20*9 X 2-2ir" "" ^^'^^ 

and, similarly, deducting this coefficient from the experiments on 
the model iron tube, we have — 

c = myu^-JL^- = 267. 

54 X 55*47 



m6 firtSENam of erEfiL. 

The relative strength of the steel tod iron tubes is therefore as 
28'39 to 267, giving a prepondrance of not more than 6^ per 
cent, in favour of the use of steel. 

This very low comparative tesult was altogether tinexpected^ 
and did not in the least bear out the anticipations previously 
formed from a consideration of the high tensile strength of the 
material ; indeed it was evident that the steel employed in the 
construction of the beam had given way at a comparatively low 
tensile resistance. 

Now, we may approximately calculate the strain on the bottom 
at the point of inipture as follows : putting/ = strain per square 
inch, a = the area of the bottom after deducting for rivet holes, 
and the other symbols as before — 

, Vf I 35-602 X 8? -5 

/ = "i — T = ^"^ T^ : = 2201 toDB, 

^ i ad fi'20 M 6*74 x 4, ^ 

wtich gives a tensile resistance not greater than that of iron. 1*0 
ascertain whether this extraordinary result actually expressed tte 
condition of nipture in the material, two pieces were cut from the 
bottom of the broken beam, and a third from a specimen sent as a 
covering plate for the top but not employed in the construction, 
and these gave the following results 



Tendlo Besistance 



Specimenli from broken j 
bMln 1 


per» 

lb«. 
62110 
58170 
59461 


quart 

• • • 

• •• 


i inch. 

tons. 

27728 

25-970 

26-645 


Elongation. 

••• t* 
••• vS 


Mean 

FreyioiiB experiments on ) 
the apecimenB gaTO ) 


59918 
94098 


26747 
41*8 





Comparing these numbers, we see that the steel cut from the 
broken beam bore only 26*74? tons tensile strain, whilst that pre- 
viously tried bore 41*8 tons, or in the ratio of 100 : 63*6 j shelving 
a deterioration of 36'4 per cent, in the metal of the beam. 

In all these experiments the fracture was dull, finely laminated, 
and precisely like that of iron, but without any of the character- 
istic crystalline appearances of steel. It is probable therefore that 
the manufacture of these plates must have been defective, or some 
error must have occurred in the decarbonisation of the metal to 
account for the deficiency in tensile strain. 

There is one other point for comparison between the model and 
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the experimental steel beams, viz., the . deflection. Adding f of 
the weight of the beam to the weight laid on a(t the centre, we 
get the following Table of Deflections. 



No; 0^ ezpoH- 
ment. 


tatibettag height 


ikhbckoh in 
Inched. 


it- 

99 
81 
8d 
41 


20776 
^8022 
46164 
65516 

hm 

17619 


0^6 
0-7 
Id 

U 

8 1 



Here putting 8 = deflection, and W = deflecting weight ; 



9 = 



I (4l5d0 + 40030 4- 85510 + 81200 + 97300 + 2108^ 

W 



B 



88486 



Or taking the la^t three results only, 

if 

37818' 



8 = 



For the model tube from the later experiments we get- 

w 



8 = 



43000 



But the model ttlbe was twice the length of the steel beam and 



i _ i, 
87 - ^' 



4-81 



= 4, aid t = 2-4. 



Comparing S'l,- the ultimate deflection of the steel beam, with 
2*4, the deflection of a similar beam of iron calculated from the 
ultimate deflection of the Millwall model tube, we see that the 
steel beam is less rigid than an iron beam of the same dimensions. 

The mean tdtimate elongation of the plates in the foregoing 
experiments on tensile strain was -^ of their lengtli. For bridge 
iron and boiler plate, I have usually found rather less elongation, 
which confirms the deductions from the observed amount of de- 
flection. 
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162. EoaperiinerU on a Lattice Girder, 

(Plate 10. Figs. 8, 9.) 

The girder was composed of the best ordinary iron. It was 56 
feet long, 4 feet deep, and supported on brick piers 52 feet asunder. 
The top flange consisted of a plate, a, 9 inches X f inch, with 
two side plates, 6, b, 4 inches x i inch, riveted by four angle irons, 
c, c, d, d,l X 1 X -^ inch and 1 x 1 x | inch respectively. 

The bottom flange was formed of a plate, 6, 9 x J inch, riveted to 
two side plates, /, /, 4 x J inch, by four angle irons, g, g, h, h ; and 
uniting the top and bottom flanges were cross diagonal bars, Z, I, Z, Z, 
k, k, k, k ; the former were T irons 1 J x 1^ x -^ inch, the latter 
and outer ones were plain bars IJ x J inch. The diagonal "f" 
iron stays were riveted together transversely by eight cross pieces 
to each diagonal, p, p, p>> &c., 1 J x 1 J inch, to give the girder 
greater rigidity. At each end of the girder, and on both sides, 
were plates s, s, 8, «, 3 feet 7 inches x 1 foot 9^ inches, and -^ inch 
thick, riveted to the side plates by the angle irons d, d, g, g. At 
the extremities were two taper plates, V and W, llj inches at 
the top and 2 feet 0| inch at the bottom, 4 feet 4 inches in 
depth, and \ inch thick. Riveted to the bottom of these plates 
were two lengths of 4-inch angle iron, and to this plate the 
girder was firmly attached by four lengths of angle iron on each 
side, t, t, t, t,l^ X 1^ X i inch. The section of the girder was as 
follows : 

Section of top flange. 

aq. inches. • 

1 plate, 9 inches x { inch . « 8*875 

2 side plates, each 4 inches x ^ inch = 2*000 
2 angle irons, each 1 x 1 ^ A inch = '750 
2 angle irons, each 1 x 1 x | inch = *500 

Total top section . . 6*625 
Section of bottom flange. 



sq. inches. 

1 plate, 9 inches x \ inch . . — 2*25 

2 side plates, each 4 inches x \ inch I _ i .44 

mtnns riyet-holes ) " 

2 angle irons, each 1 x 1 x ^ inch = *75 
2 angle irons, each 1 x 1 x | inch = '50 



Total bottom section . . 4 94 

Depth of girder, 4 feet. 

Distance between supports, 52 feet. 



The beam thus constructed was submitted to experiment. A 
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scale was suspended round the centre of the girder, and the. 
testing proceeded as follows : 



No. of 
experi- 
ment. 



Weight 
laid on 
bicwte. 



1 
2 
8 
4 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 



12 
82 
52 
72 
92 
112 
182 
152 
172 
192 
212 
232 
252 
272 
292 
812 
832 
852 
872 
892 
412 
482 
452 
472 
492 
512 



Deflec> 
tionin 
inches. 



Rexabxs. 



•062 

•125 

•218 

•281 

•406 

•487 

•531 

•593 

'656 

•750 

•875 

•968 

081 

098 

187 

281 

468 

531 

656 

718 

987 

000 

125 

250 



Weight of Scale. Deflection not measnred. 



2-406 



This weight, 412 owt, was left on 70 honrs, and the 
deflection at the end of this period was fonnd to be 1 '875 
inch. 



This weight having been left on for a few minutes, the 
beam gradually deflected to 2*5 inches, when it saddenlj 
broke across tbe bottom web^ near the oenbre. 



From the above it will be observed that the girder broke by ten- 
sion with a weight of 25*6 tons, and taking the formula W =-*A* 
as before, we have 

c — .., . ; wherefore 



c = 



W^ 

2g-6 X 52 

4-94 X 4 



= 67 •S. 



From this we derive the constant 67*3 for a lattice girder of 
this construction, and comparing this with the constant deduced 
from the experiments on the tubular girder, we have for the 
tubular girder 80, and for the lattice girder 67, being in the ratio 
of 1 : -84. 

Now, if J-inch plates had been inserted between the top and 
bottom flanges instead of the diagonal lattice bars, the breaking 
weight would have been 35*97 tons, and the ratio of that to the 
lattice as 35*97 : 25*6, or as 1 : '71. In this case the amount of 
material in the side plates and in the lattice bars would be as 
nearly as possible the same. 
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IM, TabU^ &f R^^dts of Ts^tinff American Bridges. Octoh^r 

2l8t and 22nd, 1864i 
(Plate 10. Pigfl. 6, 7.) 

Girder 88 feet 6 inohes long, 11 feet deep, 1 foot (i inebes bread, 
irith two systems of triangulation in web. Camber 2 incte^. 



sq. inches. 
Section of bottom 1 ft. 6 in. x ^ in. =^ 7 '875 
2 angle irona, 8^ x 3} )^ ^ in. = 5740 
I Bide plates, 1 ft. x ^ in. i-^ 12*000 

25 '61 5 
Deduct for riTetii in bottom and ) q.qqq 
side plates ( 



aq. inchea 
Steiion of top 1 ft. 6 in. X i in. «^ 900 
2 side plates, Ifi. * iia. » 12*00 
2 angle irons, 8i x 84 x j, in. = 5*74 

Tolaltop . .96-74 



Total . . 28-015 

tiach pannel was loaded separately with | tons of pig iron pet 
foot run, and the deflections taken after the loading of each 
pannel as below. The bridge was not riveted up, but etery bolt 
l^as fitted and screwed up tight. Bolts on the top side plata 
loosened with load on, when the plate gave laterally iVirtch, being 
8J inches before experiment and 8-}4 inches after experiment. The 
centte but Wle gave -gV i^<^t. 
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•12 


•10 


•16 


•20 


•10 


•09 


•07 


•09 


•18 


•17. 


•15 


•19 


•25 


•20 


•12 


•10 


•12 


•25 


•SO 


•28 


•31 


•35 


•26 


•14 


•12 


•15 


•35 


•87 


•38 


•37 


•45 


•25 


•17 


•14 


■17 


•45 


•48 


•52 


•45 


•50 


•80 


•19 


•18 


•Ifll 


•55 
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( Bridge ai connuehcement 
( of experiment. 
Deflection arising from 

weight of bridge. 
Deflection of bridge after 
12 hours. 

No. 1 pannel, loaded. 
2 



3 

4 

5 



7 

8 

flf 

10 

11 

13 

19 

u 

15 
16 
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tt 
i> 
*t 
>t 
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»> 
>» 
ft 
It 
tt 



j Do^fectfon after wfcight 12 

i hours on. 

DeflecBon wdgniretaorcd. 



Deflection in centre after deduction . •OS incb. 
Permanent set in centre after deduction '20 incli. 
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164, Lune Viaduct Croaa Beam, tested July 20fA, 1866. 

(Plate 10^ PIgB. 10, 11.) 
Beam with 8 tons cehtnil load defected 






16 
20 
25 



I) 

it 



»» 
it 






'28 inch. 

•63 

•76 

•97 






Gross permanent set after ezperimeiii and wdglit removed . 
Allowed ^ inch for compression of riret-heads during experiment 



Total permanent set 



*21 incb, 
•01 inch, 



Wi F^liUBAIRNi 



^earm for St, Helen^a Bridge, tesb&d Moiy an 

Camber of BeavM \\ inch, 
(Plate 10. Pigs. 12, 18.) 

Coil lT<m Bcanu for London and NovlK'Wutem Railway* 



Date of expert- 
xnont. 



May 18th, 1866 



») 



ICay 22nd, 1866 



ff 



June Ist, 1866 

2nd, 

4th, 

6th, 

6th, 

7th, 
15th, 
19tfa, 
19tb, 






2 
2 

2 
2 
2 
2 
2 
2 
2 
1 
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2 
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S. S 
00 
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#? 
Ph 



^ 



Rkma&kb. 



ft. in. 

27 

28 9 
27 

27 
27 
27 
27 
27 
27 
27 9 
27 
27 
27 



ft. in. I in. 



29 1 
80 9 

30 9 



81 
3t 
81 
81 
81 
81 














81 9 
81 
81 9 
81 



•0225 
•0680 
•0687 

•1375 
•1026 
•1175 
•0975 
•0700 
•0776 
•1050 
•1060 
•0900 
•0800 



in. 

•1450 
•1975 
•1745 

•4195 
•8160 
•3075 
•3250 
•3000 
•3076 
•3625 
•3350 
•8175 
•8076 



in. 
ilmi 



iUe 
•0550 
•0140 

•0865 
•0400 
•0200 
•0300 
•0100 
•0225 
•0150 
•0360 
•0600 
•0475 



The fitst six beams 
are of the form 
and dimendons 
ofthe fig. above. 



These beams are 
^ similar girded, 
fig. 13. 
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166, Cothomi Street Bridge, Girder tested Jvme 9th, 10th, a/nd 

nth, 1866. 

(Plate 10. Figs. 14, 15.) 
Cast Iron Beam» 



No. of 
experi- 
ment. 


Reduced 
central 
weifi^t 

laid on in 
tons. 


Reduced 
deflection 
in inches. 


Remarks. 


1 


8-00 


•1025 


1 This beam gave a permanent set of -04 inch., with 
20 tons central load. 


2 


29-60 


2-085 




3 


68-85 


2-675 




4 


67-04 


2-876 




5 


84-00 


3-490 


Defleotions not measured after 84 tons on beam. 


6 


87-00 


— 


( With 85 tons on beam one bolt broke, and the experi- 
ment was recommenced. 


7 


89-77 


— 




8 


91-58 


— 




9 


93*39 


— 




10 


95-20 


— 




11 


96*91 


— 


The beam broke as indicated aboTc, vith a loud report, 
and presented an exceedingly fibrous fracture. 



Camber H inch. The cross section after experiment was carefuUy ganged. 



167, The following are extracts from experiments very lately 
made by Mr. David Kirkaldy at his Testing and Experimenting 
Works, Southwark. 



EXPERIMENTS ON STEEL BARS, ETC. 
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INTBODUCrOBY BEMABKS. S^6S 

On the Tranaverae Strength, <fcc., of Malleable Iron. 

168. It has been already observed, that iron has been only 
lately employed to any extent to resist a transverse strain ; and 
writers, therefore, who have undertaken experiments to investigate 
the strength of materials, have hitherto passed over those inquiries 
which relate to the transverse strength of this metal.* The 
extraordinary extent, however, to which malleable iron is now 
applied to resist transversely a passing load, renders it highly 
essential that this resistance, and its other properties, should be 
fully investigated ; for it is obvious that every additional weight 
of metal, beyond that which is requisite for perfect safety and 
durability, is not only uselessly, but injuriously employed, — ^it 
being generally admitted that bars beyond a certain weight cannot 
be so well or so cheaply manufactured as those of less dimensions ; 
and it is no less certain, that by a proper disposition of the metal 
in the sectional area of the bar^ (which depends on the data in 
question,) a greater strength may be obtained with a given weight 
of iron, than with a greater weight injudiciously disposed. Under 
these impressions, the following experiments have been under- 
taken, and to these inquiries they have been principally directed ; 
but as there will be found references to some other matters con- 
nected with the practical application of malleable iron, &a, to 
railways, it may be well to state the circumstances imder which 
the experiments were imdertaken, in order to render some 
remarks and observations the more intelligible to the reader. 
These were as follow : 

The Board of Directors of the London and Birmingham Rail- 
way Company, desirous of carrying on the great work in which 
they were engaged on the most scientific principles, and, if 
possible, to avoid the enormous cost of repairs which had attended 
some krge works of a similar description, offered, by pubUc 
advertisement, a prize of one hundred guineas ''for the most 
improved construction of railway bars, chairs, and pedestals, and for 

* Some hw experiments on the iransrene atreagtb of malleable iion have oertainly beea 
made. I have giTen three in my ** Kasay on the Strength of Materials." Hr. Hodg- 
kinson has also glanced at this sobject in his Talnable paper of ** Experiments on Oast 
Iron," pabliahed in the ** Memoirs of the IXanchester Philosophical Society,*' and M. 
Dulean has treated of the subject^ in his ^'Sssal Thdorique et Bxperimental,'* &c. ; but 
those points of greatest importance connected with the application of this metal to the 
parposes of nolways have never formed the subject of inquiry, t 



t Since this was written (1837) numerous experiments Itave been made, some of which 
are now poUished. — Kp. present Edition. 
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the best manner of affixing and connecting the rail, chair^ and 
block to ea<;h other, so as to avoid the defects which had been felt 
more or less on all railways hitherto constructed;" stating, that their 
object was to obtain, with reference to the gi'eat momentum of the 
masses to be moved by locomotive steam engines on the railway, — 

1. " The strongest and most economical form of rail 

2. " The best construction of chair. 

3. '' The best mode of connecting the rail and chair ; and also 
the latter to the stone blocks or wooden sleepers. And that the 
railway bars were not to weigh less than fifty pounds per single 
lineal yard." 

In consequence of this advertisement, a number of plans, 
models, and descriptions were deposited with the Company within 
the time limited ; and others were received afterwards, which, 
although not entitled to the prize, were still eligible to be con- 
sidered with reference to their adoption for trial. On the 24th of 
December, 1834, a resolution was passed at a meeting of the 
Directors, appointing J. XJ. Rastrick, Esq., of Birmingham, N. 
Wood, Esq., of Newcastle, civil engineers, and myself, to examine 
and report upon the same, with a view to awarding the prize ; 
and, at the same time, we were requested to recommend to the 
Directoi*s such plans, whether entitled to the prize or not, as might 
be considered deserving of a trial. We met accordingly in 
London ; and, after a long and careful examination of the several 
plans, drawings, and written descriptions, recommended those we 
thought entitled to the prize, which was awarded by the Directors 
accordingly. But that part of our instructions which required us 
to recommend one or more rails for trial, we were unable to 
fulfil to our satisfaction, principally from want of data to deter- 
mine which of the proposed rails would be strongest and stiflFest 
under the passing load, and whether permanently fixing the rail 
to the chair, for which there were several plans, would be safe in 
practice ; and as no experiments on malleable iron had ever been 
made, bearing on these points, it was considered better to leave 
the question unanswered, than to recommend, on no better ground 
than mere opinion, an expensive trial, which might ultimately 
prove a failure. 

Seeing, however, how desirable it was that such data should be 
obtained, I proposed to the Directors to undertake a coui'se of 
experiments, which should be conducted on a scale adequate to the 
impoitance of the subject, provided my Lords Commissioners of 
the Admiralty would allow me the conveniences His Majesty's 
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Dockyard at Woolwich afforded (which I had every reason to hope 
they would do, from the liberality I had so frequently experienced 
from that Board on similar occasions), and that the Directors 
would supply such instruments, material, and workmanship as 
might be required for the purpose. 

The Admiralty, as I had anticipated, immediately granted my 
request ; and, at a public meeting of the proprietors, held at Bir- 
mingham, a resolution was passed, embodying my proposition. I 
accordingly commenced and continued my experiments till I had 
elicited such facts as I thought necessary ; and having arranged 
them, I delivered the results, with a Report founded upon them, 
to the Secretary of the London Committee, to lay them before the 
Board ; which being done, the Directors were pleased to express 
their approbation of my labours, and their wish that their results 
should be made public. They were accordingly printed and very 
generally circulated, nearly in the form in which they are given in 
the following pages ; such experiments, however, being added, as I 
have since made for other railway companies, and such remarks 
and observations as have arisen out of a more extended examina- 
tion of the subject. 

Uxperwients to detei'Ttiine Hie Quantity which Iron extends 

under different Degrees of Tension. 
169, With a view to this inquiry, an instrument was made as 
in the annexed sketch. — a bed, fig. 1, is a piece 
of brass, about one-fifth of an inch thick, having 
an arc at top, divided into tenths of inches ; g hf 
is a hand, with a vernier, turning freely on a 
centre h ; and i is a steel pin, about half an inch 
long, projecting perpendicularly forward ; the dis- 
tances fh to hi being as 10 to 1. e is a small 
end with a screw, for the purpose described be- 
low ; a & c rf, fig. 2, is another piece of brass. 

Fig. 2. Pig. 8. 



FiK 1. 






having a screw e; / is a piece working in a ^ 
dovetail, adjustable for position by the screw g, * 

and i is another steel pin projecting forward, a b, fig. 3, is an 
iron saddle-piece, with a set-screw s ; and at i a hole is tapped to 
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receive the screw e, fig. 2 ; and another saddle-piece, exactly like 
this, is made to receive the screw e, of fig. 1. 

The iron bars intended to be experimented on were made of the 
annexed form, about 10 feet in length ; the two saddle-pieces were 





then fixed on at the exact distance of 100 inches ; the instruments, 
figs. 1 and 2, screwed into their respective saddle-pieces, and a 
light deal rod hung, by means of two small holes formed in it, 
(also at the distance of 100 inches,) upon the two pins ii\ and 
then by means of the set-screw, fig. 2, the vernier of fig. 1 was 
adjusted exactly to zero. The pump of the press was now put in 
action, and after one, two, or more tons' pressure was on, according 
to the size of the bar, and everything brought well to its bearing, 
the hand was again adjusted to zero, after which the index was 
read for every additional ton. Here it will be seen, that whatever 
the bar stretched between the two instrments, the lower pin of 
fig. 1 w^as drawn forward, and the index end thrown back ten 
times that amount, consequently to ten times the actual amount 
of the quantity stretched. 

It has been observed, that after one, two, or more tons' strain 
was applied, to bring everything well to its bearing, the index was 
adjusted to zero, and its reading afterwards carefully registered as 
each additional ton was added. The strain during the experiment 
was repeatedly let off, and the index was found to return to zero, 
till the strain amounted to about nine or ten tons per inch, when 
the stretching became greater for each ton, and the bar did not 
any longer retain its original length when the strain was removed, 
its elasticity with this tension being obviously injured. 

These experiments required more attendance than it Was 
possible for one person to give ; the adjustment of the weights, the 
reading and registering the index, required each the undivided 
attention of one individual; the pumping also required to be 
watched with care. And I have great pleasure in acknowledging 
the ready assistance I received from Messrs. Lloyd and Kingston^ 
the engineers of the yard ; from Mr, P. W. Barlow, civil engineer ; 
as also from Lieut. Lecount, who came from Birmingham to 
witness and assist in the experiments. 
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BXPBRIMBNTS. 

170. Om the Longitudinal Extmuion of MalUMo Iron Bait^ urUUr dijf^rtni 

Degi-eci of Direct Temion. 

TABLE I. 



Bar No. 1^ 1 inch oquore. 
FebruAiy 21art. 



Weight 

in 
tons. 



Index 
readings. 



2 
3 
4 

5 

6 
7 
8 
9 
10 
11 



zero. 

•0625 

•156 

•265 

•375 
not observed. 

•562 
opt observed. 

•750 

•875 



Parte of the whole 

bar extended 

by each ton. 



•C000625 
•0000935 
•0001090 
•0001100 

mean. 
•0000985 

mean. 
•0000940 
•0001250 



liar No. S» 1 inch diameter. 
February 23rd. 



Weight 

in 
tons. 


Index 


readings. 


1 


zero 


2 


•16 


3 


•81 


.4 


-44 


5 


•66 


6 


•67 


7 


•79 


8 


•91 


9 


•108 



Ports of the whole 
! bar extended 
[ by each ton. i 



•0001600 
•0001600 
-0001800 
•0001200 
•0001100 
•0001200 
•0001200 
•0001200 



Weight 

in 

tons. 



2 

H 

4 
5 
6 

7 

8 

9 
10 
11 
12 



Weight 

in 

tons. 



1 
2 
8 
4 
5 
6 
7 
8 
9 



Bar No. 2. 1 inch square. 
February 2l8t. 



Index 
readings. 

zero 
•11 
•15 
•24 
•35 
•44 
•52 
•62 
•70 
•81 
113 



Farts of the whole 

bar extended 

by each ton. 



•0000783 
•0000800 
•0000900 
•0001100 
•0000900 
•0000800 
•0001000 
•000U800 
•0001100 
Elasticity injured. 



Bar No. 4, 1 inch diameter. 
Februaiy 28rdr 



Index 
readings. 

zero 

•16 

•28 

•42 

•56 

•69 

•79 

•97 

•116 



Parts of the whole 
bar extended 
by each ton. 



•0001500 
•0001800 
•0001400 
•0001400 
•OOOISOO 
•0001000 
•0000800 
Elastioity destroyed. 



Mean extemnon per ion, per square inch. 

Bar No. 1. ^0000982 

Bar No. 2. •OOOOOOS 

Bar No. 8. -0001010 

Bar No. 4. •0000976 



Mean of the four 



•0000967 



::o« 
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MATXEAliLE IKON. 










Bai 


TABLE II. 






Bar No. 5, 9 inchea square. 


pNo. 6, 2 


inch en square. 


Bar No. 7, 


* 

2 inches square, i 




Febru 

Index 
read- 
ings. 


uySSth. 

Parts of the 
whole bar ex- 
tended by each 
2 tons. 


February 28th. 




March 7th. 


II 


Weight 
in tons. 


Index 
read- 
ings. 


1 
Farts of the 
whole bar ex- 
tended by each 
2tons. 


4 


Index 
read- 
ings. 


Farts of the whole 
bar extended 
by eachStons. 

1 


4 


sero 


1 
1 


sero 




zero 


1 
1 


6 


•100 


f 


6 


•090 




6 


•065 


1 

1 


8 


•180 


'000180 


8 


•150 


•000150 


8 


•125 


•000125 


10 


•240 


•000140 


10 


•210 


•000120 


10 


•175 


•000110 


12 


'290 


•000110 


12 


•250 


•000100 


12 1 -280 


•000050 


14 


•360 


•000110 


14 


•290 


•000080 


14 ! '280 


•000060 


16 


•400 


•000110 


16 


•335 


•000085 


16 ' •335 


•000050 


18 


•450 


•000110 i 


18 


•375 


•000080 


18 -385 


•000105 


20 


•500 


•000100 


20 


•410 


•000075 


20 -435 


•000100 


22 


•550 


'000100 


22 


•445 


'000070 


22 -480 


•000095 


24 


•600 


•000100 


24 


•485 ' 


•000075 


24 , -530 


•000095 


26 


•650 


•000100 . 


26 


'525 1 


•000080 


26 -575 


•000095 1 


28 


•695 


•000095 


28 


•565 1 


•000080 


28 


•625 


•000095 i 


30 


•740 


•000090 1 


30 


•620 


•000095 


30 


•670 


•000095 


32 


•790 


•000095 ' 


32 


•660 


•000095 


82 -715 


•000090 


34 


•825 


000085 


34 


'730 1 


'000110 


34 


•755 


•000085 


36 


•860 


•000075 


36 




Full elas- ) 
ticity. J 


36 


•805 


•000090 


38 


•920 


•000095 


38 


1 


38 


•850 


•000095 


40 


105 


•000145 1, 
Elasticity ) < 
exceeded. ) 


40 






40 


•900 : 


•000095 
1 Elasticity , 
( perfect 








1 
1 







Mean extension per ton, per square inch. 

Bar No. 5. '0001082 
Bar No. 6. 0000967 
Bar No. 7. -0000841 



MeftD • • • 
Mean of preceding Table 



•0000946 
'0000967 



Collecting the results of these seven experiments, and reducing 
them all to square inch sections, v^e find that the strain which was 
just sufficient to balance the elasticity of the iron, was in — 



Bar No. 1, re-mann&ctnred iroo, 10 tons. 

2, ditto, . . . 11 

3, Newbolt^ . . .11 

4, Ditto, 10 

5, re-mannfkctnred, . .9*5 

6, ditto, from old ftimace bars . . 8 '25 

7, New bar, by Kessn. Qordon . 10 



II 



II 



M 



II 



II 



II 



It 
I* 
II 
II 
II 
II 



We may consider, therefore, that the elastic power of good medium 
iron is equal to about ten tons per inch, and that this force varies 
from ten to eight tons in indifferent and bad iron. It appears, 
also (considering '000096 as representing in round numbers 
1 6 ^h)* *t8,t a bar of iron is extended one ten-thousandth part 
of its length by every ton of direct strain per square inch of its 
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section ; and, consequently, that its elasticity will be fully excited 
when stretched to the amount of one-thousandth part of its 
length. 

Remarks on the foregoing Experiments. 

171* These results have an important bearing on the question 
of railway bars. We shall see, in the following section, how they 
become* applicable to the investigation of the transverse strain ; 
but, at present, I shall only speak of them as they apply to the 
fixing of the rail to the chair. Amongst the numerous models 
which the Directors did Messrs. Rastrick, Wood, and myself the 
honour to submit to our inspection, for the purpose of awarding 
their prize, there were several in which it was intended to fix the 
rail permanently to the chair, — a very desirable object, if it could 
have been safely adopted ; and it was the want of data to enable 
us to decide on this point which first led me to propose this course 
of experiments. The question is now satisfactorily answered. 
We have seen that, with about ten tons per inch, a bar of iron is 
stretched Timnr*^ P^^*^ of its length, and its elasticity wholly 
excited or sui*passed. Again, admitting 76° to be the extreme 
range of the thermometer in this country, between summer and 
winter, it appears, from the very accurate experiments of Professor 
Daniell,* that a bar of malleable iron will contract with this 
change T^^th part of itfi length. And hence it follows, that if the 
rails were permanently fixed to the chair in the summer, the con- 
traction in the winter would bring a strain of five tons per inch 
upon the bar, and a strain of twenty-five tons upon the chair (the 
bar being supposed of five-inch section), thereby deducting from 
the iron more than, or full, half its strength, and submitting the 
chair to a strain very likely to destroy it. Every proposition, 
therefore, for permanently attaching the rail to the chair is wholly 
inadmissible. 

These remarks may also be carried farther; for if it be dangerous 
to attach the rail directly to the chair, it must be bad in practice 
to affix it i/ndjwectly by wedges, cotters, or otherwise, beyond what 
is absolutely e&sential to give it steadiness under the passing load ; 
for it is evident, that if by these means we could prevent any 
motion taking place, we should fall into the same evil as by the 
permanent attachment ; and if, as most probably will happen, we 
fail of entirely accomplishing this, still all the friction which is 

produced must be overcome by the contracting force of the iron, 

* See ''PhUoflopliical Transaoiions." 1881. 
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and be bo much strength deducted from its natural resisting 
power. 

The problem, therefore, which engineers have to solve is, " To 
find a mode of fixing the rail to the chair, which shall give 
sufficient steadiness to the former, but which, at the same time, 
shall produce the least possible resistance to the natuml expansion 
and contraction of the bar.*' 

The quantity of motion which thus takes place is certainly but 
small, viz., about -jJ^th of an inch between summer and winter, 
with a fifteen-feet bar ; but the force of contraction is great, 
amounting to five tons per sectional inch for the annual extremes,* 
and frequently to not less than two and a half tons, between the 
noon and night of our summer season, while the whole power of 
iron within the limits of its elasticity does not exceed nine or 
ten tons. 

This is an important consideration, and for want of attention to 
it, or rather in consequence of its amount not having been ascer- 
tained, a practice of wedging or fixing the rails has prevailed, 
which must necessarily have been the cause of great destruction to 
the bars. 

I would also state here a suggestion by Mr. Woodhouse, one of 
the candidates for the prize, as a matter deserving the attention of 
practical men, — that as the bar must necessarily contract, it will 
draw from that side which is least firmly fixed, and hence all the 
shortening will most probably be exhibited at one end, however 
slight the hold on either may be ; and when it happens that the 
adjacent ends of two bars both yield, the space between the two is 
rendered double that which is necessary. To avoid this evil, one of 
the two middle chairs in each bar might be permanently attached 
to the rail| in which case the contraction must necessarily be made 
from each end, and the space occasioned by the shortening of the 
bai*s would then be uniform throughout, and much unnecessary 
and injurious concussion would thus be saved both to the rail and 
to the carriage. 

* ^ii shows t)i« necessity of hariiig the holes in the rail oval, or larger than those 
in the iih plates.— Ed. present Bditlon. 
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Eoiperim^nta to destei^mine ths comparaiive Beaiatance of Mal- 
leable Iron to Extension and Compression, and the Positiooi of 
the Neutral A<cis in Bare submitted to a Transverse Stravix. 

172, It has been already demonstrated, that if the length of a 
bar of any kind, supported at both ends and loaded in the middle, 
be denoted by i, the depth by d, the depth of tension and com- 
pression by d' and d*\ the tension per square inch by t, and the 
weight by iw, then will 

J (d" + dO <<' < = i 2 w, or 
i d.d't = \lw; 

d being the whole depth, and d' the depth of tension : whence, for 
any given breadth a, 

-— ;; — = depth of tension, and 
Adai 

d^^d' the depth of oompreaslon ; 

•z — -T, = the ratio in which the neutral axis divides the sectional 

o — d' 

area in rectangular bars. 

173. In order to submit these formulae to practical results, a 
strong iron frame was forged, of the form here shown. D C is 36 
inches long, 6 inches broad, by 2 deep ; the two arms 2 inches 
square, and the ends of proportional dimensions to those repre- 
sented. The other view of the arms is shown in the side figure, 
with an opening 6 inches by 3, in which the bars for experiment 
were placed, as represented by A G B ; the space between is 33 
inches. The shackles were applied at E and G, and connected by 
strong iron cables to the press ; the strain was then brought on, 
and the results recorded. 



d' 
d" 



d' 








In order to measure with every requisite accuracy the deflections 
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which the bar sustained, as different weights were applied, an in- 
strument of the form shown in the annexed figure was neatly and 

accurately made in iron, having two 

j^ «B&» B feet, A D, B C ; the centre was 

Q '■■ s\ tapped to receive the brass screw, 

D I C H S, of twenty threads to the inch, 

and the head was divided into five 
equal parts, and by again subdividing these divisions into ten, a 
deflection of Tinnr ^^ ^^ ^^^^ might be measured with great ease. 
The method of applying it was to rest its feet on the bar, and 
then to retain it in its place by cramps and screws. The micro- 
meter screw was then run down till it was in contact with the bar, 
and the divisions read and registered, either before any sti-ain was 
on, or when the first slightest strain could be estimated, as stated 
in the following Table * 

The first six experiments were made on different parts of the 
bars, Nos. 6, 6, and 7, without cutting them, by introducing them 
into the iron frame above described (having 33 inches clear 
bearing), and straining them till the successive deflections showed 
a tendency to increase in amount, which was taken as a sign of the 
elasticity being injured ; and the amount of this strain having been 
previously ascertained by the former experiments, they furnish the 
best possible data to apply to the formula for determining the 
position of the neutral axis. 

* As the nnmben in the second column of the following Table have been misunderstood 
by a reviewer of my Report, it may be well to observe, that the reader must not under- 
stand them to be actual deflections, as it was quite accidental what the index read at the 
commencement. The actual deflections are given in the adjacent column. 
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Saq^erimenU made to tucertain the D^fieetiona due to difftreni Traneveree Shrainif and 
the Weight tekich Jint produeee a Strain equal to the SUuHo Power ^ and thence the 
PotUion of Me HetUral Axie, 

TABLB IIL 





Pabt 1. Bar No. 5. 


Part 2. Bar No. 6. 


Bearing 83 inches. 2 inches square. 


Bearing 83 inches. 2 inches square. 


Weight in 


Readings by 


1 
Deflections for i 


Weight in 


Readings by 


Deflections for 


tons. 


scale.* 


each haif ton. 


tons. 


scale. 


each half ton. 


No weight. 


1-96 




No weight. 


1-96 




•876 


1^92 


•028 


•760 


1-92 


•020 


100 


1^90 




1-00 


1^91 


•020 


1-60 


1^90 


•016 


1^60 


1*89 


•020 


2 00 


1-88 


•020 


2 00 


1^86 


•080 


2-60 


1^86 


•020 


2-60 


1-84 


•020 


Weight 


) returned to 
J 1-96 




Weight 


) xetomedto 
t 1^96 




remoTed. 




remoTed. 




8.00 
Weight 
remoTed. 


1-80 
1 1-88 


1 

t 
Elasticity , 
iigured. 


8-00 

Weight 

remoTed. 


1-67 
1 1*81 


) Elasticity 
i ixgnred. 




Pabt^ BarN 


0. 6. 1 


Part 2. Bar No. 6. 


Weight in 


Readings by 


Deflections for 


Weight in 


Readings by 


Deflections for 


tons. 


scale. 


each half ton. 


tons. 


micro, screw. 


each half ton. 


No weight. 






No weight. 


•026 




•60 


1-66! 




•60 


•048 


•018 


1-0 


1-50 




1^0 


•068 


•026 


1-6 


1^48 


•020 


1-6 


•091 


•028 


20 


1-45 


•030 


20 


•128 


•087iiyd. 


2-5 


1-24 


'210 I Elasticity 
I iigared. 


2*26 


•178 


•100 


8 




2-60 


•813 


•186 




PartI. BarM 


o. 7. 


Part 2. Bar No. 7. 


Weight in 


Readings by 


Deflections for 


Weight in 


Readings by 


Deflections for 


tons. 


micxo* screw. 


each half ton. 


tons. 


micro, screw. 


each half ton. 


No weight. 


•081 




No weight. 


•025! 




•60 


•068 


•022 


•60 


•066 


•081 


ro 


•077 


•024 


1^0 


•077 


•021 


1-6 


•096 


•019 


1-6 


•098 


•021 


2-0 


•126 


•080 


20 


•109 


•Oil 


2-6 


•147 


•021 


2*6 


•187 


•028 injured. 


8-0 


•211 


•064 iigared. 


8 


•180 





* In the first of these experiments the deflections were measured by a scale in front of 
the bar, the micrometer screw not being ready. 
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TABLB Jlh^(eonUnued), 



Part 3. Bar No. 7. 


Past 2. Bar No. 7. 
Reversed. 


Welffhtin 


Boadingsbj 


Defleotionfl for 


Weight hi 


Readings by 


Deflections for 


tona. 


mioro. screw. 


each half ton. 


tODA. 


micro, screw. 


each half ton. 


No weight. 


•075 




No weight. 


•025 




•60 


•180 




•60 


•064 


•029 


10 


•158 


•028 


1-0 


•092 


•088 


1-5 




•028 


1-5 


•158 


•061 


2 


•199 


•028 


2-0 


' ^286 


•082 


2-5 


•220 


•021 


BUiticity dearly iojored 1 


by the former 


80 


•290 


•070 injared. 


experiment. 



In the following experiments the iron was all supplied by Messrs. 
Gordon, and was of the. same quality as the bar No. 7, — its elas- 
ticity may therefore be taken as 10 tons, but it was not determined 
by testing, as in the preceding experiments. 



TABLB IV. 
Bar No. 8. 




inches. 
88 



inch. 
1-9 



i 



inches. 
2 



S 

i 



tons. 
•126 
•250 
•600 
1-00 
1-60 
2 00 
2-25 
2-50 
2 75 



•084 
•046 
•060 
miased 
•098 
•120 
•184 
•161 
•173 



HI 



•019 
•019 
•022 
•028 
•084 
•044 



Remarks. 



Mean '024. 

v=2^26. 
Elasticity injured with 2^60 T. 









Bab No. 9. 




1-9 


2 


•260 


•047 










•600 


•055 


•016 


•< 






100 


•077 


•022 








160 


•097 


•020 








2-00 


•128 


•026 








2 25 


•182 


•018 








2-50 


•146 


•026 


J 






2 76 


•164 


•088 








8-00 


•210 


•092 





88 



Mean '021. 



««2-25. 

BUstidty injured with 2*60. 
Ditto destroyed with 800. 



Bak No. 10. 



88 



1-9 


2 


•600 


•056 








100 


•076 


•020 






160 


'095 


•019 






2 00 


•124 


•029 






2-50 


•161 


•027 






8 00 







Mean '024. 
w»2'6. 
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It appears from these experiments^ that both parts of the bar 
No. 5 (whose direct elasticity was 9 '5 tons) had their restoring 
power just preserved with a transverse strain of two and a half 
tons on a bearing length of 33 inches. Hence in the formula 



idat 



and df =:1'62 inch^ depth of tension. 

Consequently d"=:'38 inch, depth of compression, and 
the ratio of the area of compression to tension ... 1 : 4*3 

In the first part of bar No. 6,wia not quite 2 tons, 
and t = 8'5 tons ; and hence the ratio 1 : 2*7 

In the second part of the same bar, ditto 1:27 

In the fii-st, second, and third parts of bar No. 7,w = 2J^ 
tons, and ^ = 10 tons . 1 : 34 

As far as these experiments are authoiity, therefore, the neutral 
axis divides the sectional area of a rectangular bar in about the 
ratio of 1 to 3^. 

If the usual formula were applicable to these experiments it 
would be inferred that the neutral axis divides the sectional area 
of a rectangular bar unequally, but subsequent experiments on a 
much larger scale (see page 136) have shown that the neutral axis 
is in the centre, and that consequently there exists some other 
cause of resistance in a bar strained transversely than is due alone 
to the direct resistance of the metal ; this additional resistance has 
been named the resistance of flexure, and it forms an important 
element in the strength of cast iron. 

Position of the Neutral Axis. 

174. The position of the neutral axis in a bar of iron of rect- 
angular section yras for a length of time involved in doubt from 
the circumstance that the tensile strength of iron, whether wrought 
or cast, as ascertained by straining a straight bar in the direction 
of its length, did not accord with the tensile strength when calcu- 
lated for the action of a transverse strain. This want of accord 
led to the supposition that the neutral axis was above, that is 
nearer to the side under compression than the centre of the section, 
and the position so deduced appeared to receive confirmation from 
an experiment made by Professor Barlow, which he thus describes : 
" With this view a key-way or groove was cut in the side of the 
bar, 1 inch broad and 1-lOth of an inch deep, — ^thus reducing the^ 

T 2 
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breadth to 1*9 inch. To this key-way, or groove, was fitted a steel 
key, which might be moved easily ; and when the strain was on, 
the key was introduced, which it was expected would be stopped 
at the point where the compression commenced, and this was ac- 
cordingly found to be the case in two out of the three bars, but not 
in the third, the fitting not being sufficiently accurate. The other 
two, however, showed obviously a contraction of the groove, at about 
half an inch from the top, agreeing with the preceding computa- 
tions. To make the results more certain, three other bars, exactly 
like the former, had deeper grooves cut, and the key more exactly 
fitted, and with these the results were as definite as could be 
desired. The key, as above stated, moved smoothly and easily 
before the experiment ; but when two tons' strain was on, and the 
key applied, it was stopped, and stuck at a definite point. The 
strain being then relieved, the key fell out by its own weight : the 
strain was again put on, the key sticking as before : the strain being 
relieved, the key again fell, and so on, as often as repeated. Pre- 
cisely the same happened with all the three bars. One of them 
was then reversed, so that the part which had been compressed was 
now extended, and exactly the same result followed, showing, most 
satisfactorily, that our former. computed situation of the neutral 
axis was very approximative ; the measurements obtained in these 
experiments being tension 16, compression 4, giving exactly the 
ratio of 1 to 4 in rectangular bars." It will be observed that this 
experiment was liable to error from the circumstance that the key 
was necessarily made to move easily, and therefore some space 
existed betweeen it and the groove in which it moved, the extension 
or compression being in those experiments extremely minute 
quantities, the bar being only 2 inches in depth, the small space 
between the key and groove distended the result and caused the 
key to travel too far up the groove when the metal was under 
small strains. That the action of the key was so affected appears 
corroborated from an observation made by Professor Barlow at the 
end of these experiments. This observation is as follows : — 

"A curious circumstance was observed in these experiments, 
which, although it has no immediate bearing on the subject in 
question, it may be well to notice, and which is, I apprehend, 
chai'acteristic of good malleable iron, viz., that the resistance to 
compression, although so much greater than the resistance to ex- 
tension, is the first of the two which loses its restoring power ; for 
if we so far increased the stiuin as to overcome the elastic power, 
the point of compression descended to nearly the middle of the 
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depth, proving that the tensile force^ although so much less^ is the 
most tenacious.'' 

It thus appears that when the strains were large the neutral 
axis descended to nearly the middle of the bar. The actual 
position of the neutral axis both in wrought and cast iron of 
rectangular sections has been fiilly established by the large and 
conclusive experiments made by W. H. Barlow, F.R.S., upon beams 
7 feet long and 10 inches deep,* and communicated by him to the 
" Philosophical Transactions." These experiments established be- 
yond any doubt, that the neutral axis both in wrought and cast iron 
is in the centre when the section is rectangular. 

On the Stiffness of Rectangular Iron Bars, and their Deflections 

under different Weights. 

176, Although it is necessary to know the actual resisting 
power of bars in their ultimate ..state of strain, in order to deter- 
mine the relative strengths of differently ^shaped bai-s, yet the 
question of most practical importance is, the stiffness they exhibit 
when loaded with smaller weights ; for we ought never to strain a 
bar so nearly to its full power of bearing as to make the ultimate 
strength the immediate subject of inquiry. 

The experiments recorded in the last section are applicable to 
this purpose ; but as these were all made on bars of the same 
depth, it was thought more satisfactory to make a few other ex- 
periments on bars of different breadths and depths. These are 
given in the following page. They were performed precisely like 
the last, and therefore require no particular description* 

* See paragraph 188, p. 136. 
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EXPBRIMBNTS 
On ike D^/UetiwaofMalUahle Iron Bam^ wnder I>ifertnt Stroma. 

Bax No. 11. 



■ 

5^ 


i 


1 


1 


Deflec- 


Defiectlona 

for each 

half ton. 




inchea. 


inch. 


hea. 


tone. 








88 


1-5 


8 


•125 
•600 


•048 
•059 












1-00 


•074 


•015 


> 








1-60 


•088 


•009 










2-00 


•095 


•012 










2*50 


•101 


•006 


I Mean -0108 








8-00 


•109 


•008 










8-50 


•120 


•Oil 










4-00 


•181 


•Oil 


j 10 s 4i. Nenteal udf 1 : 4^9. 








4-50 


•148 


•017 


EUBticity preaeryed at 4^ tona. 




Bar No. 12. 


88 


1-6 


8 




•50 

1-00 



•017 
•087? 




/ 








1-50 


•052 


•015 


X 








2 00 


•061 


•009 










2-50 
8-00 


•064 
•078 


•003 
•014 


-Mean -0108 








8*50 


•089 


•Oil 










4 00 


•102 


•018 


J 10 a= 4}. Neatral ana 1 : 4-9. 








4-50 


•124 022 


EUstidtj injared. 


Bab No. 18. 


88 


1-5 


2^6 





•006 












•50 


•030 


•024 


V 








I'OO 


•050 


•020 










1-50 
2-00 


•060 
•074 


•010 
•014 


•Mean •0178 








2-50 


•098 


•019 


! 








8-00 


•110 


•017 


j w a 8. Neutral axis 1 : 4*9. 








8-50 


•149 




Blaatieity preaeired, 8 tons. 








7-50 


Bent 8 ischea. 





To obtain the law of deflection from these results, we may have 
recourse to two well-known and well-established formulsB (Arta 28 
and 63), viz. 

' S, and — rr3rT- = Bj, 



4acP 



16 0(2*8 



which are both constant quantities for the same material, w being 
the greatest weight the bar will bear without injuring the elas- 
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ticity ; consequently, when I is also the same in both, d 8 will be 
also constant, a being the breadth, d the depth, and d the deflec- 
tion. That is, all rectangular bars having the same bearing length, 
and loaded in their centre*to the full extent of their elastic power, 
will be so deflected, that their deflection (h) being multiplied by 
their depth (d), the product will be a constant quantity, whatever 
may be their breadths or other dimensions, provided their lengths 
are the same. 

Let us see how nearly our several results agree with this 
condition. 

In the several bars, Nos. 8, 9, 10, 11, 12, 13, multiplyitig the 
mean deflection for each half ton by the number of half tons 
which excited its whole elasticity, and this again by the depth of 
the bar, we And 

No. 8, ultimate deflection "108 x depUi 2 = *2160 

No, 9 . . . 

No. 10 . . . . 

No. 11 . . . 

No. 12 . . . . 

No, 18 • • . 



Mean . '2408 

There is rather a large discrepance in bar No. 9 ; the others 
are as approximative to the mean as can be expected in such 
cases. 

If we make the same trial on the three parts of bar No. 7, we 
have 

1st part . . . *116 X 2 := 2820 

2nd part 

8rdpart 



094 X 




2 - -1880 


120 X 




2 » -2400 


•0876 X 




8 - -2628 


0918 X 




8 - -2764 


-1088 X 




2i =: -2595 
6)1-4417 



• • • • 
• . « • 


-106 X 2 - -2100 
•116 X 2 -> -2800 


Mean 

Former mean 


8) -6720 

-2240 

'. . . -2408 


General mean • 


2) -4648 
-2321 



We may therefore say that any malleable iron bar of 33 inches 
bearing, being strained to its full elasticity, will be so deflected, 
that its depth, multiplied by the deflection due to 30 inches, will 

*28 

produce '23 ; consequently -j- = the deflection, d being the whole 
depth in inche& 
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Extracta from Reports addressed to the Directors of the London 

and Birmvngham EaUwdy Company. 

176. The contraction of iron between summer and winter 
amounts to the t^Vit^'^ W^ ^^ ^^ length, and as, when stretched 
the lo'fl^t h part of its length, in which case it is strained with ten 
tons per inch, its elasticity is injured, it follows that the bars 
cannot be fixed permanently to the chairs and blocks without 
great danger of drawing so much upon their strength, as materially 
to impair their efficiency for bearing a passing load. 

The parallel rail, formed according to the requisite proportions, 
is decidedly the best. 

The whole depth of a rail should not be less than 4^ inches ; 
the thickness of the middle rib should not exceed that which is 
essential to the perfect manufacture of the bar; and the lower 
web should be made of the best form for giving to it a steady 
bearing in its seat. 

A difference of level at a joint chair between the two abutting 
rails of only i^th of an inch will, when the carriage is moving 
from the higher to the lower level at a speed of 30 miles per hour, 
cause the wheel to pass the distance of a foot without pressing on 
the rail 

It is strongly recommended that all rails should be proved and 
gauged before being received as efficient 



Experiments on the actual Strength of Railvxiy Bars of various 

Forms and Dimensions, 

177. Having in the preceding pajes investigated every circum- 
stance which has a theoretical bearing on the question of the 
strength of malleable iron generally, and as applied to railway 
bars in particular, the following trials on the bars themselves will 
be useful as offering the best means of comparing the rules with 
actual experimental results. 

The following experiments have been made subsequently to the 
publication of my Beport to the London and Birmingham 
Directors. 
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SeeUon of Equivalent StrcUghl'lmed RaU, 
Weight 60 lbs. per yard. 
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179. Report of Experiments made with the Proving Engine in 
the Royal Dockyard, Woolwich, to ascertain the Strength a/nd 
Stiffness of Three Specimens of Railway Bars designed for 
the Southampton Railway, 

Fig. of Section as in next page. 

Present, — ^CoL. Henderson, Acting Director ; Mr Giles, 
Engineer ; and Wm. Beed, Esq., Secretary. 

The experiments were made precisely in the same way as is 
described in my Report addressed to the Directors of the London 
and Birmingham Bailway Company, except that, in consequence 
of the greater breadth of the lower flange, the frame I had hitherto 
used was too narrow to admit the Southampton rail Another 
frame was therefore made by Messrs. Gordon and Company for 
the purpose ; like the other frame, except in the above particular, 
and that the opening of the frame to form the points of bearing 
was by mistake made 34 inches instead of 33 inches. For the 
sake of comparison, I have therefore reduced the observed strength 
to 33 inches' bearing ; and also, as the engineer proposes, to have 
the chairs 5 inches long, giving only a bearing of 31 inches clear. 
I have also reduced the strength to this bearing. The deflection 
requires no correction, being measured by the same instrument ; 
and the observed deflections are those which take place between 
the feet of the instrument, independently of the points of bearing. 
The following are the details of the experiments. 
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Section. 



I>q>th of rail, 3^ inehee. 
TfaickiMfla, centre rib^ '8 inch. 
Breidth, lower flnnge^ 8^ inchee. 
Depth of dittos -6 inch.. 
Weighty 57 Ibe. per yard. 




■ 


Bur No. 1. 


Bar No. 2. 


Bar No. 3. 


"Btnin. 


Index 


Deflection 


Stndn. 


Index 


Deflection 


Strain 

• 


Index 


Deflection 


readbige. 


per ton. 


reading!. 


per ton. 


reading!. 


per ton. 


tons. 






tons. 






tons. 






2 


•076 




2 


•043 




2 


•030 




8 


•087 


•Oil 


3 


•052 


•009 


3 


•040 


•010 


4 


•097 


•010 


4 


•066 


•014 


4 


•052 


•012 


5 


•110 


•018 


5 


•077 


•Oil 


5 


•065 


•018 


6 


•122 


•012 


6 


•094 


•017 


6 


•076 


•Oil 


7 


•137 


•015 


7 


•109 


•015 


7 


•093 


•017 


8 


Qoite deetroyed. 


8 


•187 


•026 


8 
9 


•116 
•167 


•023 
•051 



The above bars were in 7i-feet lengths^ and the experiments 
were all made on their middle point. In the following, the 
experiment was first made on the middle of the length, and then 
on the middle of one half-length« 



Middle, Bar No. 4. 


Half-length, Bar No. 4. 


Strain. 


Index 
readinga. 


Deflection 
per ton. 


BtxBln. 


Index 
reading*. 


Deflection 
per ton. 


tone. 
2 
8 
4 
5 
6 
7 
8 


•041 
•058 
•068 
•071 
•077 
•083 
-108 


•012 
•010 
•008 
•006 
•006 
•015 


tons. 
2 
8 
4 
5 
6 
7 
8 
9 


•014 
•024 
•030 
•041 
•054 
•070 
-094 
•166 


•010 
•006 
•Oil 
•013 
•016 
•024 
•076 

s 



From the above results, it appears, that the mean strength of 
the bars cannot be stated at more than 7 tons, four out of the five 
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bars showing indications of weakness with that weight. But this 
is with 34 inches* bearing. 

tono. 
Thii redaoed to 83 inches, gives . . 7^ 
and redaoed to 81 inches . 7] 
Mean deflection, estimated per ton . • •Oil 
Deflection with 3 tons *033 



180, Report of Eocperimenta Tnade wiOi the Proving Machine in 
His Majesty's Dockyard, Woolwich, on Three Bars of Iron sent 
as Specvmens for the JtaUway Ba/rs of the London and South- 
a/mpton Railway, Dec, 26, 1835. 



Equivalent rectilinear 
dimensions of the section. 



' Head 2 J inches by 1 inch deep. 
Whole depth 4 inches. 
Thickness, middle rib ] inch. 

Mean weight per yard 60 lbs. 



The experiments were performed exactly in the same manner 
as described in my former Report, in the presence of Colonel 
Henderson, RE., P. Giles, Esq., Engineer, and W. Beed, Esq., 
Secretary. 

The bearing distance in the frame made for the London and 
Southampton Railway experiments being 34 inches, and the frame 
on which my other experiments were made being only 33 inches, 
I have determined the strength for 33 inches by computation, that 
these strengths may be more readily compared with the bars, of 
which the experimental results are given in my printed Reports. 
I have also found the strength at 31 inches, the bearing proposed 
by Mr. Giles. The deflections require no correction. 

EZPEBIMBNTS ON BAB No. 1. 
Weight of 9 feet . . 179 lbs. 





Position of bar direct. 


Strain left on S houts ; experiment repeated 




Fint trial 




in the same place. 


Strain in 


Index 


Deflections with 


Strain in 


Index 


Deflections with 


tons. 


readings. 


each ton. 


tons. 
2 


readings. 


each ton. 


2 


•080 




•037 




8 


•0325 


•0026 


8 


•042 


•006 


4 


•034 


•0015 


4 


•046 


•008 


6 


•037 


•008 


6 


•0616 


•0066 


6 


•043 


•006 


6 


•056 


•0046 


7 


•0476 


•0046 


7 


•063 


•007 


8 


•057 


•0096 


8 


•070 


•007 


9 


•065 


•008 


9 


•075 


•006 


10 


•0765 


•0116 


10 


•088 


•008 








11 


•092 


•009 








12 


•132 


•040 
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It appears, from these experiments, that although the bar shows 
great stiffness with the first strains, it yields considerably to the 
last strains, and that it had taken a permanent set with ] tons. 



The mean defleetioii per ton of this bar, taken between 5 and 10 toni^ 

let experiment 

Ditto ditto 2nd experiment 



Mean strength 



Mean 

10 tons at 84 inches. 
lOi tons at 83 inehea. 

11 tons at 81 inches. 



•0079 
-0063 

•0071 



To try the effect of the lower web, the bar was reversed in 
position, and another part submitted to the strain. 



Position ReTened. 


Qtnln in tons. 




DeflectiaDs with each ton. 


2 


•012 




8 


•016 


•004 


i 


•024 


•008 


5 


•027 


•008 


6 


•081 


•004 


7 


•086 


•005 


8 


•041 


•005 


9 


•051 


•010 


10 


•067 


•016 


11 


•082 


•015 


12 


•125 


•048 


Mean between 5 and 10 tons 


. •008 



EXPBRIMBNTS ON BAR No. 2. 

DIBECT AND BEVEBSXD. 

Weight of 9 fbet . . 181 Ibe. 



Position direct 




Strain in 


Index 


Deflections with 


Strain in 


Index 


DoflectloDS with 


tons. 


readings. 


each too. 




readings. 


each ton. 


2 


•035 




2 


•041 




8 


•040 


•005 


8 


•047 


•006 


4 


•045 


•005 


4 


•052 


•005 


5 


•049 


•004 


5 


•061 


•009 


6 


•055 


•006 


6 


•0655 


•0045 


7 


•062 


•007 


7 


•072 


•0065 


8 


•072 


•010 


8 


•077 


•005 


9 


•0795 


•0075 


9 


•0825 


•0055 


10 


•086 


•0065 


10 


•0905 


•008 


11 


•0905 


•0045 


11 


•099 


•0085 


12 •lOS 


•0145 


12 


•118 


•014 


18 127 


•022 


18 


■ 




Mean be 


tween 5 and 10 


tons -0074 


Mean be 


bween 5 and 10 to 


DS . '0059 
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EXPB&IMBNTS ON BAB No. 3. 

B0T9 DIRECT. 

Weight of 9 feet . . 179 Ttm, 



Podtton direct 


Position direct. 


Stndn in 


Index* 


Deflections with 


Strain in 


Index 


Deflections with 


ions. 


readings. 


each ton. 


tons. 


readings. 


each ton. 


2 


•087 




2) 


These readings were missed, the 


8 


•044 


•007 


^i 


strain being brought on toe 


4 


•052 


•008 


4) 


quickly. 


5 


•056 


•004 


5 


•081 


6 


•064 


•008 


6 


•040 


•009 


7 


•070 


•006 


7 


•046 


•006 


8 


•0765 


•0065 


8 


•062 


•006 


9 


•084 


•0075 


9 


•060 


•008 


10 


•089 


•005 


10 


-0685 


•0085 


11 


•096 


•007 


11 


•077 


•0086 


12 


•107 


•Oil 


12 


•084 


•007 


18 
Meanbeti 


•127 


•021 


18 
|Mean betv 


'105 


•021 


reen 6 and 11 i 


xms ^0064 


reen 6 and 11 tons • '0074 



GENERAL MEAN RESULTS. 





84 in. bearing, 




Tons. 


Bar No. 1 


10 


No. 2 


11 


No. 3 


12 



Mean Strength at 

38 inches. 81 inches. 
Tons. Tons. 


Mean deflection 
Per ton. 


10} 

12i 


11 
12 


•0071 
•0074 
•0069 



181, Report of Easperiments Tnade on Three Bars, for the South- 
ampton Railway Company, from the same Iron Works as the 
first set. Ma/ixh 12th, 1836. 



Present, W. Beed, Esq., Secretary. 

Inches. 

1 Depth 84 Breadth of centre rib 
Depth of lower 6ange • . . '6 Breadth of lower flange 

Weight 57 lbs. per yard. 



inches. 



JA 






S . 






.d . 






a ^ 


Index 


Deflection for 


•§s 


Index 


Deflection for 


a S 


Index 


Deflection 


'is 


readings. 


each ton. 


Ip 


readings. 


each ton. 


h-S 


readings. 


for each 


1 






1 






CQ 

1 




ton. 


•0575 




•0050 




•0840 




2 


•0680 


•0105 


2 


•0150 


•0100 


2 


•0420 


•0080 


8 


•0790 


•0110 


8 


•0250 


•0100 


8 


•0460 


•0040 


4 


•0900 


•0110 


4 


•0360 


•0110 


4 


•0510 


•0050 


5 


•0970 


•0070 


5 


•0460 


•0090 


5 


•0600 


•0090 


6 


•106 


•0090 


6 


•0540 


'0090 


6 


•0700 


•0100 


7 


•120 


•0140 


7 


•0660 


•0120 


7 


•0860 


•0160 


8 


•128 


•0080 


8 


-0880 


•0220 


8 


•110 


•0240 


9 


•149 


Destrojed 


9 


•109 


Destroyed 


9 


•190 
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By comparing. the above results with those obtained on the bars 
first tested, the strength and stiffness will appear to be very nearly 
the same, except bar No. 1, which retained its elasticity with 8 
tons. Bars No. 2 and No. 3 cannot be said to have borne more 
than 7 tons at 34 inches' bearing ; but reduced to a bearing of 31 
inches, the strengths will be as follow : 





tons. 


Bar No. 1. Streogtii at 81 incheif bearing 


. 8} 


No. 2. do. do. • 


. 7 


No. 8. do. do. • • 


. 7 


Bar No. 1. Deflection 8 tons 


•024 


No. 2. do. do 


•028 


No. 8. do. do. ... 


•020 



It appears, therefore, that No. 1 is the strongest bar, and No. 3 
the stiffest. Upon the whole, the bars are nearly the same as 
those first sent ; as will be observed in referring to my Report on 
them. 

I believe that some improvement was attempted to be made in 
the manufacture of these bars, but it is dear that the metal itself 
is defective. And nothing, perhaps, could have better proved the 
accuracy of the rules I have given, nor the propriety of testing the 
bars when delivered from the maker, as recommended in my first 
Beport to the Directors of the London and Birmingham Railway, 
than the preceding experiments. 



182. The following are experiments made on two specimens of 
iron in bars of 75 to 77 Jbs. per yard, intended for 5-feet bearings. 

Beport of Experiments made on the Testing Machine i/a his 
Majest'ifs Dockyard, Woolwich, on two Speamens of Bail/way 
Bars, iriz. 

Two ban, maker not known. 

Two ban, fromMesBrs. Solly, best patented. 

f Section, double flange with oentre rib, similar to fig. Art. 178. 
Greatest breadth of flange 2*6 inches. 
« .... . Mean depth 1^ inch. Whole depth of rail 6 inches, 
speeimen. ' Mean breadth of flange 2 '125 inches. 
Thickness of centre rib 'SS inch. 
^Weight not stated, but aboat 75 lbs. per yard. 



Best 
patented. ' 



'The same dimensions, rather more fhll. 
Thickness of centre rib '9 inch. 

Weight of one of these bars, 8 owt. 1 qr. 20 lbs., or 77 lbs. per yard ; of the 
other, 8 cwt. 1 qr. 12 lbs., or 75^ lbs. per yard. 



The experiments were performed as before, except, that in con- 
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sequence of these bars being intended for 5-feet bearings, the iron 
frame was obliged to be altered ; and that it might answer both 
for those bars designed for 4-feet bearings as well as 5-feet^ it was 
lengthened to 4 feet 6 inches, and proportionally strengthened, 
which, as I understand the experiments to be only comparative, 
seemed to answer both cases without having a new frame made. 

The difference in the strength of the two specimens, it will be 
seen, is very considerable, although the stifi&iess at fii'st is nearly 
the same : the first specimen is, however, rather the stiffest, but 
the other much the strongest ; the elasticity or restoring power 
being preserved up to a strain of 10 tons in the latter, and only to 
8i tons in the former, at a bearing of 4 feet 6 inches. On reducing 
both to 5 feet bearing, we have for the greatest load that can be 
safely borne, 

tons. 
First spedmen • . ... 7*65 
Beit patented 9'00 

But the deflection per ton with 

inch. 

First Bpecimen *0165 ■ 

Best patented -0175 

In the computation I made in my last Report, it was intended 
the bars should bear 8 tons, at 6-feet bearings. It appears, there- 
fore, that the strength of the former is rather less than ought to be 
expected of good medium ii-on, and that the other is in excess of 
strength 1 ton. 

The following are the experiments from which these deductions 
have been made : 



FIRST SPBOIMEN. 

Bab No. 1. 

Strain Index Deflootlon 

in tona. readiugt. per con. 

1 

2 -050 

8 -067 -017 

4 -076 -008 

5 -092 -017 

6 -107 '015 

7 -122 -015 

8 -142 -020 

9 165 -023 lojored yery litUe. 

( Elasticity 
10 < quite •OIB Mean deflection per to 

( destroyed. 
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Bab^ No. 2. 

Stnin Index DefleotlcMi 

In tons. readings. per ton. 

1 

2 -082 

8 -046 -013 

4 '062 -017 

5 -085 -023 

6 -102 -017 

7 -121 -019 

8 -186 -015 Mean per ton -017. 



9 -171 -086 

10 -266 -084 





BEST PATBNTBD. 






Bab No. 1. 


1 

2 ... 


Weighty 8 ewt, 1 qr. 20 ftp. 


... -ose 




o .*• 


... -045 


-009 


4 ... 


... -066 


-021 


5 ... 


... -086 


-020 


6 


... -096 


-010 


7 ... 


... -110 


'014 


8 •• • 


... -128 


018 


It • •« 


... -149 


-021 


10 ... 


... -168 


-019 


11 ... 


... -188 


-020 Mean per ton '017. 


12 ... 

• 


... -210 


-023 

Bab No. 2» 




Wdgbt» 8 owk 1 qr. 12 fte. 


1 






2 ... 


... -054 




3 •«. 


... -064 


-010 


4 -084 


-020 


6 ... 


... -105 


-021 


6 


... -120 


-016 


7 ... 


... -140 


'020 


o ... 


... -161 


-021 


9 ... 


... -180 


*019 Metn per ton -018. 


10 ... 


... -207 


'027 


11 ... 


... -244 


-037 


12 ... 


... -816 


-071 



To ihe IHredcn of the London and BimUnffham Bailway Company. 
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Woolwich, Oot. 81st» 1836. 

183. ItepoHof BxperimenU on Tyoo RmUoay Ban rtceived October 27th; manufae- 
turer's name not ttatedf nor the weight, btU by the section aboui 65 lbs. per ycurd. 
Double fiange, whole depth 44 inehee, intended for 4-feet bearinge. 

Tested at H-teei bearings, the same as those tested on the 26th and 27th instant. 





Bar No. S. 




BfirNal. 


Strain 




Deflection 


Btxain 


Index 




in tons. 


Index readings. 


per ton. 


in tons. 


readings. 


Deflection per ton. 


1 
2 


•048 




1 
2 


•064 




3 


•072 


•024 


8 


•082 


•018 


i 


•091 


•019 


4 


•106 


-023 


5 


•110 


•019 


5 


•126 


-020 


6 


•181 


•021 


6 


•145 


•020 


7 


•153 


•022 


7 


-166 


•020 


8 


•177 


-024 


8 


•186 


•021 


9 


-199 


•022 


9 


•211 


•025 


10 


-222 


-023 








11 


Elasticity destroyed. 




10 ^276 


•065 Shwtieity gone. 


Mean deflection per ton, 




Mean deflection per ton. 


Bar No. 1, -022 inch. 




Bar No. 2, '021 inch. 



Mean strength of the two bars 9^ tons, at 4 feet 6 inches bearing, or 10*2 tons at 4 feet. 

The Directors cannot but observe the striking fact elicited by 
these and the preceding experiments on the bars Nos. 1 and 
2 ; yiz. 

That 65 lbs. per yard is 1 ton stronger at the same bearing dis- 
tance with these bars than with the other at 75 &>s. per yard ; that 
is, with 13^ per cent, less weight there is 12 per cent., very nearly, 
more strength. Now, whether this proceeds from a difference of 
the ore, a difference in the mode of manufacture, or from.the diffi- 
culty of manufacturing such large bars, I cannot tell ; but it is a 
question which appears to me to be veiy deserving attention. . 

Taking into account the difference in the depth of the two speci- 
mens, the proportional stiffness is very nearly the same. 

These experiments, again, as compared with the preceding, show 
the strong necessity of some mode of testing ; as a Company may 
otherwise be liable to purchase bars at a great expense actually 
weaker than others of less cost, not only in the gross, but per ton ; 
for I have since learned that these latter bars were bought at less 
per ton than the former. 
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MISCELLANEOUS EXPERIMENTS CONNECTED WITH 

RAILWAYS. 

(ExtraeUd from a Second Report addressed to the Direetore of the London and 

Birmingham Rail icay Company,) 



184, The first and most important point which required to be 
decided was, the strength of iron necessary to insure the most 
ample safety, at any practicable speed, with any given load and 
given length of bearing. The strain which any quiescent load 
in^resses on a bar, is, I think, now well known ; but what is the 
effect of velocity ? This was one of those questions on which I 
found opinions greatly divided ; and it was a question, perhaps, 
considered merely hypothetically, in which there was great room 
for doubt. My first object, therefore, was to reduce it to a matter 
of experimental fact : this rendered it necessary to construct an 
instrument for the purpose, and I feel myself much indebted to 
Mr. King, of the Liverpool Gas Works, for the ready attention he 
paid to my suggestions, and for the ingenuity he exercised in giving 
it its fii*st form, the whole of which was left to his own invention, 
after being simply informed of its object, and the general mode of 
its intended operation. 

This instrument, which it is proposed to call a defiectoTneter, is 
represented in plan and elevation in the following diagram. A B 
is a plain board about 27- inches long and 6 inches broad, with two 
pillars or standards, one of which is seen in the elevation ; and 
between them is suspended the lever D E by screw points, divided 
in C, in the proportion of 10 to 1 ; G H is a slightly inclined stout 
wire,' on which slide the two indexes i, i, but with sufficient friction 
to remain in their places. 

The manner of using the instrument is by levelling the ground 
ufider the centre of the rail, and placing the point £ under its 

lower edge ; the preponderance then being on the side of the long 

u 2 
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arm, the point E is kept in contact with the lower edge of the bar, 
and the lower index i is moved up to the metal plate k ; the 



n 



o 

B 



o 

H 



M, 




-< 
•J 
fit 



upper one is then, in like manner, brought down and placed in 
contact also. It is obvious, now, that whatever deflection the rail 
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may sustain during the passage of an engine, or a train of waggons, 
the index i will be lifted ten times the quantity the bar is deflected, 
and remaining in its place, the greatest deflection the bar has 
sustained will be truly and distinctly indicated. 

An improved form of this instrument is represented below, 
but the principle of its action is the same. We found in the 




first instrument an inconvenience from the index being so near 
the ground, and in order to avoid this, the late Mr. W. Gilbert 
gave it the form shown in the figure. The register here is by a 
sliding vernier on an arc ; the latter also being raised, the result 
may be read with great ease and convenience. The upright stand 
carrying the arc is a brass tube which fits tightly over a brass pin 
on the base-board. It may, therefore, be easily removed, and the 
whole packed very close for convenience of carriage. 
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JExperiTTients made with a view to ascertain the Strain which 
a Load in rapid Motion produces upon the Rail over which it 
passes, in order to compare the sams with the knovjn Strain 
produced by an equal quiescent Load,* 

186, Mr. King's little instrument was admirably suited to this 
inquiry, for by this the greatest deflection the bar sustained, from 
whatever cause it proceeded, was accurately registered^ and by 
comparing this deflection with the experiments made on the same 
bar with quiescent loads, the effects due to velocity, and those 
proceeding from irregularities in the joints, &c., became known, at 
least in the aggregate, and this aggregate is of course the strain 
against which it is necessary to provide. • 

Experimjents on the central Deflection of Railway Bars during 
the passage of a heavy Load at different Degrees of Speed, and 
on different Lengths of Bearings. 

186, Our observations were commenced in and near the cutting 
at Wavertree Hill, in rock cutting, the ground being as sound, and 
the bearings as firm, as in any part of the line. 

The first trials were made on the Grand Junction Rail laid down 
in May, on 8 feet 9 inches bearings. The weight of rail 62Ibs. per 
yard. A deflectometer was accurately placed under each of four 
bearing lengths — one having been selected next the bearing end, 
the other three were middle lengths. The following were our 
recorded observations : 

FIRST BZPBKIMENT. 

With the passage of the Speedwell engine and train, at a 
medium velocity, or about 20 miles per hour : this showed — 

Deflection of joint length .. *0625 inch. 

Ditto middle length '0425) 

Ditto ditto -0400 V mean '0408 

Ditto ditto -0400) 

8BCX)ND BXFERIMENT. 

With the Swiftsure engine, furnished for the experiments: 
weight on driving wheels, 5 tons 16 cwt. ; velocity about 20 miles 
per hour. 

Deflection of joint length '0800 inch. 

Ditto middle length *0820 ) 

Ditto ditto -0400 > mean '0880 

Ditto ditto '0420 ) 

* The experiments wwe made in 1835. 
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THIRD BXPBBIMSNT. 

The same engine, very slow : 

Deflection of joint length *040 inoh. 

Ditto middle length '024 

Ditto ditto -025 ^ mean ^027 

Ditto ditto ^082 

FOUKTH EXPERIMENT. 

One trial, quite at reit '040 

The mean of the above three means 18 •0358 

To compare this with the mean deflection of such a bar, with a 
quiescent load, I may refer to the experiments on the same bars at 
Woolwich, forwarded for the purpose by the Dii'ectors of the Grand 
Junction line (Art. 178), by which it appears that the mean deflec- 
tion per ton, at 33 inches clear bearing, was '0050 ; consequently, 
for three tons, '0150 ; and reducing this to the clear bearing of 
45 — 3=42 inches, we have as 33* : 42» : : 0150 : 0314, the de- 
flection with three tons at rest ; and the mean of the preceding 
deflections in motion is *0353, a close agreement, which shows, 
that when everything is well fixed and secure, the deflection, and 
consequently the strain, is nearly the same, whether the load be in 
motion or at rest, and that each rail is only pressed with half the 
weight of one pair of wheels.. 

Eo^ervraents on the same Bars at Five-feet Bearing, 

FIFTH EXPERIMENT. 

BWIVTStrBl IVOnri.— YILOOITT AB0U1 TWZKTT-TWO 1CILS8. 

v.=M. v.=22. T.=2S. 

Deflection, middle length '093 '077 080 



Ditto joint length 
Ditto ditto 
Ditto middle length 


• • • 
■ • ■ 

• •• 


... -088 080 
... -108 148 
... -082 ^070 


•123 
•180 
•077 


WITH flBBATVa VILO0IXIS8. 

speedwell. 

▼.3=80. v.=sM. 


Fury train. 
▼.=.28. 


Deflection, middle lenA^h 
Ditto joint length 
Ditto ditto 
Ditto middle length ... 


• • 

• ■ • 

• • ■ 


... -112 -122 
... •OSO -105 
... •2.'>0 -120 
... -091 -115 


•083 
•085 
•095 
•085 



In obtaining a mean from these results, the deflections on the 
joint lengths are, as in the preceding case, rejected, being obviously 
in excess. The mean of the rest, that is, of the central length, 
is -089. 

In my experiments at Woolwich, the deflection per ton at 33 



296 MISCELLANEOUS EXPERIMENTS. 

inches bearing being '0050, or, for 3 tons, •0150, we have, deducting 
3 inches £rom 60, to obtahi the clear bearing — 

88» : 57» : : -0160 : -079, 

while the mean determined by the deflectometer, as we have seen, 
is -089. 

Nothing can be expected much more satisfactory ; as it is thus 
proved, independently of any opinion, that while the blocks and 
^xings are secure, the strain from a passing load is but little in 
excess of that from a quiescent load : whereas the effect on the 
joint ends amounts, from a mean of the preceding, to 121, being 
in excess nearly 40 per cent. This, however, is not all strain, part 
being due to the looseness of the chair or block. 



187. Continuation of the ExpeHmenta on the Deflections of 
different Rails cmd Blocks on the Liverpool and Ma/nchester 
Railway. 

DUBLIN AND KINGSTOWN PARALLEL RAIL. 

Weight, 451bs. per yard, with a lower web ; bearing distance, 3 
feet, fixed by vertical keys ; depth, 3J. 

BwmsuBx nroivBt 
Deflections In parts of InchM. 

Joint length ... -120 -120 -106 -leT* 'IT?* -105 

Ditto ... '120 '084 '098 '090 '080 -098 

Middle length ... -126 -110 -180 -180 '16Q* 'ISO* 

Ditto ... -110 -108 -108 -112 '120 -108 



•114 
•120 



The deflections marked with an asterisk are remarkable 
instances of the effect of the lurching of the engine and carriages, 
spoken of in the Report as amounting to nearly double the smaller 
and more natural deflections. 

In the above experiments the blocks were sounded, and found 
firm ; the fixings also appeared to be secure at the time of making 
the experiment; but generally the vertical keys used with this 
rail require, according to the report of the workmen, incessant 
attention. 

MR. STKPHBNSON'S FISH-BBLLIBD RAIL. 

Weight, 43^9>s. per yard ; bearings, 3 feet, fixed by iron keys 
on the side ; greatest depth, 4^ ; less ditto, 3^. 
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ewiwxavRM bmiitb. 












DefleetioDS. 






1 Joint length 


• •• 


•082 


•040 •OSS 


•027 


•045 


2 Ditto 


• • • 


•070 


•170 -068 


•130 


•077 


8 Middle length ... 


• • • 


•126 


•180 -130 


•170 


•098 


4 Joint length 


• • • 


•080 


•026 030 


•028 


•056 



The blockfl of Nee. 2 and 8 were loose. 

The mean of the other deflections is *034^ but we have no 
experiments to compare with. 

The same Experiments repealed on four other Rails : velocities 

not recorded. 



Middle length 


•105 


•185 


•100 


•160 




mtto 


•085 


•050 


•047 


•058) 




Ditto 


•075 


•075 


•070 


•085 V 


Mean -062 


Ditto 


•065 


•060 


•070 


•060 J 





The great discrepance between the means in these two sets of 
experiments is very remarkable ; I am quite unable to explain the 
cause from any fact I am acquainted witL 

THE RAILS ON THE ST. HELEN'S LINE. 

Parallel, with lower bead ; weight, 43 lbs. per yard ; bearings, 3 
feet. 

uwiRBURi xvainB. 

Joint length •IIO -092 -115 '095 

Middle ditto ^060 -075 -100 •OOS 

Joint ditto -070 •OSO •I 48 '135 

Middle ditto ^082 ^045 *063 ^045 

Mean deflection of joint lengths, *105 ; of middle lengthfl, •067- 
ME. BOOTH'S NEW RAIL. 

Parallel, with equal upper and lower flange ; weight, 60 lbs. per 
yard ; depth, 4 inches ; bearing distance, 3 feet. 



Middle length 
Joint ditto 
Ditto ditto 
Middle ditto 

The deflectometers wei-e removed from the above two joint 
lengths ; the other two remained the same. 

Middle length 
New joint ditto .., 
Ditto ditto 
Middle ditto 

Mean of the lour middle lengths, "OSO. 



BWIFT8UBI BirailB. 






^066 


•062 


•066 


'OSS 


•084 


•050 


-100 


•042 


•144 lonh. 


'040 


•052 


•044 



052 


•064 


•064 


048 


•064 


•042 


•074 


•082 


•060 


•056 


•060 


•064 
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Parallel Plain T BcdL — Huyton Plane, 

Weighty 50 lbs. per yard ; bearing, 3 feet ; laid down ten months ; 
depth, 3jt inches. 

Vesta Samaon 
train. train. 

Irt Middle length -088 •070] 

2nd ditto -072 "066 f v- .a«t 

8Td ditto -062 -044 (**^ "*' 

4tli ditto -068 •080) 





swirrsuEB BNonri. 








Blow. 


Velocity 12. 


V.16. 


let ... 


• • • ••• • • • 


•064 


•084 


•082 


2nd ... 


•«• ■■• m • m 


•066 


•080 


•082 


8rd ... 


«•■ •«• ••• 


'048 


•060 


•060 


4th ... 


••• •• •«• 


•072 


•080 


•086 




General 


mean, '0696. 





Mean, '072 



On Cfhat Moss, 

MB. R. STEPHENSON'S FISH-BELLIED RAIL CHAIR. 

Weight, 448)8. per yard; 3-feet bearing on wooden sleepers. 
The four deflectometers were here applied to two blocks and two 
rails, but not adjacent, and the disturbance on the blocks and rails 
observed together as below : 





SWimUBB 


Biram. 
Deflectiona. 




MeaoBw 


1 Block 


•058 


•060 -060 


•060 


•069 


2 Middle mU 


•176 


•178 •iOO 


•198 


•188 


8 Block 


•080 


•028 -040 


•032 


•032 


4 Joint block... 


•162 


•160 -160 


•170 


•160 



Deflectiona. 






Meana. 


"018 -018 


•022 


•028 


•019 


196 190 


•194 


•196 


•191 


056 -060 


•066 


•060 


•056 


124 ^154 


•180 


•124 


•184 



EaypervmeTUa repeated. 

The rails and blocks being now selected so as to have one rail 
between the two blocks, and the other adjacent, the results 
were — 

1 Block ... '018 

2 BaU between -178 
8 Block ... -060 
4 Rail adjacent ^136 

These last results, as in the other fish-bellied rails, are very 
anomalous. In the present instance, we may suppose a great deal 
is to be attributed to their peculiar situation, as the whole road 
trembled under our feet as the engine passed ; but still the great 
excess of deflection of the rail, beyond that of the disturbance 
shown by the block, is very unaccountable, although some of it 
may be due to the working of the segmental piece in this particular 
chair. Still, however, after every allowance, I must think there 
are obvious indications of the rails being much more strained in 
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such a situation as this, than on a good bottom ; and should this 
be verified by further observations, it would certainly be advisable 
in future, in such cases, to strengthen the rails, either by enlarging 
them beyond the dimensions given in the other part of the line, or, 
which would amount to the same, preserving the dimen^ons, and 
reducing the bearing distance. 

The speeds, in the last 
two sets of experiments, 
varied from 15 to about 21 
miles per hour. 

JEa^riments on the lateral 
Deflection of BaUway 
Bars. 

188. Having ascertained 
the deflection of the bars 
in a vertical direction, it oc- 
curred to me that it would 
be very desirable to deter- 
mine also to what extent 
the rails were deflected la- 
terally on the outer sweeps 
of curves, in order that I 
might, if it should be found 
necessary, increase the thick- 
ness in the longer bearing 
rails, beyond what mere 
strength required, in order 
to counteract this neces- 
sarily greater strain. 

The whole of these expe- 
riments have a tendency to 
show, that the stress which 
the bars have to sustain in 
this direction is not such as 
to requii'e to be more amply 
provided for than the in- 
creased thickness the bar 
must have, to meet the 
greater vertical strain due 
to the longer bearing. In 
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other words, the additional strength given to the bar, for the 
purpose of meeting the vertical strain, wiU be amply sufficient to 
meet and resist the lateral strain. It will therefore not be 
necessary, in proportionii^ the weights and sections of bars for 
different lengths of bearing, to attend to more than the vertical 
strength. 

The following description of the instrument, and one set of 
experiments, will be sufficient for illustration. 

Description of the Instrument — In the foregoing figure, L is a 
bent lever, turning on a centre c; V, a vernier, sliding in the 
groove g; S, a steel spring, to keep the short end of the lever in 
contact with the stud p, to a wire sliding in the standards m, m, 
having an adjusting screw at p, to set the index to zero. The end 
^ being now brought into contact with the rail, the stud p, on the 
passage of the engine, will press upon the short arm of the lever to 
the extent of its deflection, the amount of which, ten times multi- 
plied, wiU be read on the scale or vernier at V. 

" The experiments were made on the Wigan Railway, with the 
engine Experiment : the rail parallel weighing 42 lbs. per yard ; 
the bearing distances, 3 feet. 

"The instrument being adjusted, the following results were 
obtained: 











" 










Direction of 










Deflection. 




Velocity. 






the engine. 


Bxperiment 1. 




• • • 




•047 




8 milee 


per 


hour. 


Back. 


2. 




• • • 




•045 




10 






Forward. 


8. 








•088 




11 






B. 


4. 




• •• 




•086 




12 






P. 


5. 




• • • 




•040 




10 






B. 


6. 




* • • • 




•035 




12 






P. 



" The same experiment repeated, after the middle chair between 
two others was removed ; the clear bearing now being 5 feet 10 J 
inches : 



Ezpeiiment 1. 
2. 
8. 
4. 





Direction of 


Deflection. 


Velocity. the engine. 


•070 


4 miles per hour. Baek. 


•078 


6 ,, Forward. 


•098 


7 ,t B. 


•097 


• .. o ,, F. 



Continuation of the Eocpervmervta on lateral Deflection, made on 
the Wigcm Railroad, 10th September, 1835. By Mr. Edward 
Woods. 

*' The rails are of the parallel form ; weight, 42 lbs. per yard ; 
bearings, 3 feet 
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''let Series. — On the curve near the junction to the Liverpool 
and Manchester Railway. 

Curve = 2 feet 4 inehes per chain. 
=: to a radios of 622 jarda. 

"The outer rail of the curve 1| inch higher than the inner rail, 
to counteract the centrifugal force of the trains. 

'* Deflection (lateral) of an outside rail, 1 foot 6 inches from the 
bearing. Engine, JExperiment 

Deflec. in inches. 

9 

mt0 • • • « ■ • ■ I 

4^# • • • • • • • I 

A 

^9 •■« ■•* •< 

V« • • • • • « m * 

" 2nd Series, — ^Another n 
engine, &c., as before. 

£10« X« ••• ■•• •■ 

«!• •■• ••■ •« 

V« *•• ••• •• 

4« ■•• '.** ** 

4r* ••■ «•• •• 

V9 ••• ••• «• 

f« ••• •■• •• 

O* ••■ ••• •• 

o 

v« ••• •«• •■ 

X vs ••• ••• •• 

<' N.B.— The letters F. and B. denote whether the en^^e was working forwards or 
hackwards. 

" Zrd 8eries,-^WitYi a rail exactly opposite that of the second 
series, viz., on the inner rail of the curve. 

"In this and in all the other experiments, the deflection was 
measured outwards from the centre of the road. 

" In this instance the deflection seemed to arise solely from the 
wedge-like action of the conical tire on the wheels, as some paint 
which had been smeared for a few yards on the inner side of the 
rail had not been wiped off; showing that the flange had not come 
into contact with the rail. Engine, the Eayperi/ment, 



No. 1. 
2. 
8. 

4. 

5. 
6. 
7. 
8. 
9. 
10. 

11. 



•040 


• • • 


10 miles per 


hoar. 


'024 


• •• 


8 




•026 


• •• 


8 




•022 


* • • 


14 




•007 


• •• 


10 




. on the 


outside of the 


curvi 


Defl. {nine. 


MilOB 


per honr. 




•000 


• • « 


13 


F. 


•018 


• ■ • 


10 


B. 


•000 


■ ■ • 


9 


P. 


•023 


• •• 


9 


B. 


•017 


• •• 


11 


P. 


•060 


• •• 


8 


B. 


•031 


• • ■ 


10 


P. 


•066 


• •• 


9 


B. 


•042 


• • « 


12 


P. 


•086 


■ • • 


11 


B. 



Defl. in ins. 


Miles 


perhoor. 


•080 


• ■ • 


8 


... B. 


•030 


• • • 


9 


P. 


•040 


• « • 


9 


B. 


•040 


• • • 


10 


P. 


•080 


• •• 


4 


B. 


•000 


• • • 


2 


P. 


•087 


• • • 


3 


B. 


•002 


• « • 


2 


P. 


•033 


• •• 


8 


B. 


•001 


• ■ • 


2 


P. 


•006 




6 


Jupiter^ wifh a 


• • • 


eoach train. 
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" 4stii and Sih Series are given in the Report. 
'* 6ik Series. — ^With a rail on the straight road. Engine, the 
Uxpervment ^ 

Defl. in iaM, MOm per hoar. 
No. 1. ... ... ... *010 ... 8 ... B. 

3. ... ... ..* vj.il ..- Jv ... Jf. 

8. ... ... ... *010 ... 15 ... B. 

4. ... ... ... vUf ••• Xv ... If. 

** 7th Series. — ^Another rail near the same place. Engine, the 
£ayperiment ; weight of working wheels, 5 tons 15 cwt. 1 qr. 

Defl. in ins. Milos per hour. 
No. 1. ... ... ... *0S2 ... 16 ... B« 

£. ... ... ... VOM •** 1a ... Jf. 

8 •020 ... 13 ... B. 

4. ... ... ... UXU ... O . . Jf. 

O. ... ... ... *vOo ... w •.« D. 

V. ... ... ... vlU ... 4 ... Jf. 

7 '046 ... 25 ... B. 

O* ... ... .. *V«U ... xo ... if. 

(Signed) ** Bdwabd Woods.** 

As the velocities are not the same in these experiments, except 
the first of the first series and the last of the second, we can only 
make this one comparison, and by this the deflection appears to 
be about double, which is certainly less than calculation would 
lead us to expect ; but the amount is so far within the elastic 
power of the iron, and the strength of the rail experimented on so 
inferior to what will probably be adopted, that I am quite satisfied 
no additional strength will be required to meet this strain. 

The above experiments were made by Mr. Edward Woods and 
Mr. King, in the presence of T. W. Rathbone, Esq., Dr. S. Trail, of 
Edinburgh, and J. Reynolds, Esq., of Swansea. 

DEDUCTIONS. 

189, It would be useless to go through a comparison of all the 
experiments noted in this and the preceding section ; I shall there- 
fore only observe, referring to the vertical deflections, that the 
obvious deduction from them is, that with firm blocks, chairs well 
fixed, and with joints well made, the road itself being firm, the 
rail is only deflected at the greatest velocity a little more than is 
due to a quiescent load equal to half the weight on the two 
wheels ; but that in consequence of the imperfection of these parts, 
a strain is occasionally thrown on the rail which produces a de- 
flection about double that which belongs to the load in question. 
This effect was frequently and obviously exhibited in the experi- 
ments with the trains. In many cases the deflectometer showed 
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only the common amount of deflection when the engine (by far 
the heaviest load) passed over ; whereas, perhaps in the middle, or 
at the end of the train, a waggon would lurch over from some 
irregularities, and throw up the index to double its former amount. 
This effect was very particularly noticed by the Deputation^ Direc- 
tors, Proprietors, and other parties present. It follows, therefore, 
that tiU greater perfection can be obtained in railways, a strength 
of bar more than double that due to the mean strain must be 
provided. In my original Report I have allowed 50 p<&r cent 
beyond the double as a surplus ; but from these experiments, it 
appears that this allowance is in excess, and that from 10 to 20 
per cent, beyond the double will be sufficient. 

190. On the proportional increased Strength with increased 

Distance of Bearings. 

In apportioning the quantity of metal for each length, regard 
must of course be had to the limits prescribed by practice, that is, 
we must only enploy such sections as may be subject to no sub- 
stantial practical objections ; but with this condition, the form of 
section is unlimited. 

The first limitation which practice enforces is, that whatever be 
the bearing length and weight of rails, the head ought to have the 
same certain weight. 

It is not necessaiy to go far along the Liverpool and Manchester 
line to see that the heads of the original 35-lbs. elliptical rails are 
far too small for the present weight of the engines, the outside 
flange of the upper table being, in numerous instances, nearly 
separated from the central rib. The Dublin 45-lbs. parallel rail, 
which has a broader and somewhat larger head, does not show the 
same defects ; still, however, it is generally, I find, considered too 
smalL 'The 50-H)s. parallel plain T rail, and the Grand Junction 
rail, are perhaps the best proportioned heads in the line ; their 
area of section, to an inch deep, occupying about 2| square 
inches. In the following calculations, therefore, I shall lay it 
down as a practical limit, that the head ought not to occupy less 
than 2*25 inches area, or, which is nearly the same, not weigh less 
than 22'5 lbs. per yard. 

Another practical limit, in which I believe most engineers agree, 
is, that the depth of the rail ought in no case to be more than 5 
inches. 

Abiding, therefore, by these conditions, I propose to compute the 
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weight of iron per mile, on four lines of rails, preserving in all 
cases a constant strength of 7 tons, at the several bearing lengths 
of 3 feet, 3 feet 9 inches, 4 feet, 5 feet, and 6 feet ; distributing the 
iron in each bar most economically for strength. 

The lightest rail in the line, which appears to approach towards 
the required degree of strength, is the Dublin parallel rail, of 
45 lbs. per yard ; but as the head is lighter than the present 
practice seems to i)oint out as the best, I would increase this by 
2^ or 3 lbs., and with a little addition to the rail itself, make the 
whole about 52 ibs., which is, perhaps, the least weight that ought 
to be given to a rail on 3-feet bearings : and the best disposition 
of this weight, according to the solution of the problem on the 
principle of Tnaxi/nia and minima, regard being had to the 
practical limits above stated, is given in Art. 183 : and on similar 
principles, although not strictly following the minutia of the solu- 
tion, have been arranged the proportions for the other bearings, 
the section at half-size, and the several particulars being as 
follow : 

Sedionfor a Three-feet Bearing, 

ON ▲ SCALE OF HALF THE LATEBAL DIMENSIONS. 



y 



\ 



Head to 1 inch depth, 22*5 lbs. per yard ; whole depth 
4i inehea. 

Ditto bottom web, 1 inch* 
Breadth ditto, 1*25 inch. 
Thickness of middle rib, *6 inch. 
Whole weight, 61*4 lbs. per yard. 
Strength, 7 tons. 
Deflection with 8 tons, *024 mch. 
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Section for a Three-Feet Nine^Inck. 

Bearing. 

Head to 1 inch depth, 22'5 Ibe. per yud. 
Whole depth, 4f inches. 
Ditto of bottom web, 1 inch. 
Breadth ditto, 1} inch. 
Thickness, middle rib^ *75 inch. 
Whole weight) 58*8 lbs. per jard. 
Strength, 7 tons. 
Deflection with 3 tons, '037 inch. 



^ 



Section for a Fou/r-Feet Beari/ng. 

Head to 1 inch depth, 22*5 Sm. per jard. 

Whole depth, 4} inches. 

Ditto of bottom web, 1 inch. 

Breadth of ditto, H inch. 

Thickness of middle rib, *8 inch. 

Whole weight, 61*2 lbs. per yard. 

Strength, 7 tons. 

Deflection with 3 tons, '041 inch. 



Section for a Five-Feet Beanri/tig, 

Head to 1 inch depth, 22*5 fts. per yard. 
Whole depth, 5 inches. 
Ditto of bottom web^ 1| inch. 
Breadth of ditto, l'6a inch. 
Thickness of middle rib^ '85 inch. 
Whole weight, 67*4 lbs. per yard. 
Strength, 7 tons. 
Deflection with 3 tons, *064 inch. 
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Sectum for a Sico-Feet Bearing. 

Head to 1 ineh depth, 22*5 Ibe. per yard. 
Whole depth, 5^ inches. 
Ditto of bottom weh, 1^ inch. 
Breadth of ditto^ 1*66 inch. 
TbicknesB of the middle rib, !{ inch. 
Wbole weight, 79 Ibe. per yard. 
Strength, 7 tons. 
Deflection with 8 torn, *082 inch. 



It will be seen, by the above statement, that although I have 
preserved the same strength or resistance in each of the rails^ the 
longer bearings are less stiff than the shorter ; indeed, unless this 
increased deflection be allowed, all thoughts of greatly increasing 
the distance of the bearings must be given up ; for, in order to 
preserve a proportional deflection, either the breadth of the rail 
must be so increased as to require a weight of iron altogether 
inadmissible, or the depth must be increased in the same proportion 
as the length of bearing, which is impracticable. The deflections, 
however, of the longer bearings, although greater than the shorter, 
do not amount to a laige quantity ; the deflection of several of 
the rails at present on the line being much greater, as may be seen 
by referring to the several experiments on this subject 



On the Best Form of Rail. 

19L In the sections given in the preceding page for rails at 
different lengths of bearings, it will be seen that I have confined 
the breadth of the lower web to 1^, or, at most, to 1§ inch ; and 
this has been done, although I am well aware that, to extend the 
breadth of the lower web, and to reduce its depth, would theo- 
retically give the strongest rail ; in fact, that the double T is, on 
paper, a stronger rail than the deep and less broad flanged rail, 
but I am quite convinced it is not so in practice. The lower web 
comes no other way into use than as it is brought into a state of 
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tension by the action of the centre rib ; and^ although th^ fibres 
of the lower web lying immediately below the centre rib are 
brought into action by it, and these fibres excite a similar action 
laterally in those immediately contiguous to them, and these 
again to the next, and so on, yet in a ductile metal like malleable 
iron this lateral effect is soon lost; so that the extreme fibres 
of the extended lower flange become inefficient. 

The fact is, this particulai* form of rail was proposed with a 
view to a certain advantage it was supposed to possess, viz., that 
it might be turned when the upper table had been worn down, 
but this has been shown in my former Report to be impracti- 
cable ; and not fulfilling this condition, while in other respects it is 
disadvantageous, it should be at once rejected. I know it is said it 
may still be turned and used in side rails ; but I reply, wherever it 
is used, it will be strongest if not turned. Again, it is stated, that 
both sides being alike, the rail-layers may select the side that fits 
best ; but it would surely be better to have the raUs made so 
uniform that no such choise was requisite. Again, it gives a broad 
bearing, in which, however, I see no advantage when carried to 
excess. And, lastly, it admits of the rail being fixed by a wooden 
key or wedge ; but is it not better, if possible, to avoid the wedge 
altogether ? In fact, I can see no advantage this form of rail 
possesses, to compensate for its actual and obvious defects. 

The proportions I have shown in the preceding diagrams, which 
resemble nearly the form of rail to which the prize was awarded, 
make, I am persuaded, the strongest and best rail ; it being of 
course understood that these diagrams give only angular outlines, 
the salient and re-entering angles of which may be softened down 
or fortified according to the taste or other considerations of the 
engineer. 

To convince Mr. Locke, and some other gentlemen, of the defect 
of the double (X) form, I had one of the rails taken up, and J an 
inch cut away on each side from the lower flange, reducing its 
breadth at the point of greatest strain, that is, in the middle of 
the bar, to 1^ instead of 2 J inches. It was then put into the 
press, and the strains brought on as usual, under the superin- 
tendence of Mr. Edward Woods and Mr. John Gray ; Mr. Locke 
himself being obliged to leave just at the time the experiment 
was in progress. 

Mr. Rathbone, Mr. Edward Cropper, and myself were also 
present, and the result was, that the bar thus mutilated showed 
greater strength than the mean strength which Mr. Locke found 

X 2 
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to belong to it when whole. Now, although I am ready to grant 
that the bar was actually weakened, and that this' apparent 
anomaly is attributable to the imperfection of the presis already 
pointed out, yet, on the other hand, it must be admitted that it 
could, with such a result, have lost but little of its strength, and 
that the iron thus abstracted, viz., nearly |th of the whole section, 
if judiciously introduced elsewhere, would undoubtedly give a much 
stronger rail* 

* It 18 once Hob wm writtan tluit the experiments h^ye been made on the Soathampton 
nila, whioh are etiU mote objeetionable from their ^tended lower web ; -bat it must be 
admitted that theee, Where the iron wia good, did not indicate the weaknen antieipated 
from their eztenaionf. 
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THEOEETICAL INVESTIGATIONS ON THE EFFECT OF 
THE DEFLECTION OF RAILS, INCLINED PLANES, 

GRADIENTS, ETC. 

To determine ifie Influence of the Deflection of cm EUutic Bar to the motion 
of a Body p<usmg over it, the Bar being stipported <U its two extremities, 

1. Let A B represent an elastic bar, supported at its middle point, and 
loaded at its extremities with two equal weights, to, w. Then the deflection 
of the two ends will be exactly the same as that of the same bar supported 
at its ends and loaded with a weight 2 to at its middle point. 




Pig. 2. 




2. Let A B, fig. 2, be the same bar supported at any point C, dividing 
the beam into two lengths m, n, and loaded at B by a weight —f^ 

and at A by a weight ~^ Q being the whole length), so that the 

beam may be still in equilibrio on the support C, and the sum of the two 
weights equal to 2 tct as before. Then C 6 will be the deflection of the 
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point Ay and C a, that of the point B, e being a mean deflection, as 
referred to the oblique line A B ; and this deflection « will be the same 
as if the beam was supported at A and B in a horizontal line, and loaded at 
with a weight 2 iC7, the deflections being considered as very small in com- 
parison with the length. 

In fig. 1, let the element of deflection at C be A, then the whole defleo- 
tion, being as the element of deflection into the square of the length, we 
may represent CD^ihj i P a. But the element of deflection in the 
same beam is as the strain ; and the strain at in fig. 2, is to that in fig. 1, 
as m » : ^ P, Therefore^ in fig. 2, 

the element of deflection A' = — -:— A. 

P 

and the deflection C a = — - — A = y, 

P 

the deflection C 6 = ^-^ A = «", 

P 

and6a=:^'"»^^'-**'> A = ^ - 8". 

P 

Consequently, the sine of the inclination, or of the angle A B a 

imn (m^ — »*) a 

a 1- L A. 

P 

And this is precisely the inclination the tangent 1 would have, if the beam 
were turned about till A B became horizontal, and therefore the same as 
the tangent 1 would have, if the beam were supported at its ends, and 
loaded at with a weight 2 \d ; and it is this inclination which forms the 
impediment to the motion of the body along the plain face of the bar. 
3. To find the point where this iodination is the greatest, we hare 

im + n a Z 
m n (m* — n*) = a max. 

or, m{l — m) (2 I m — P) = h max. 

or — 2Zm'+8P«' — Pm = h max. 

whence^ — 6/i»' + dPm — P = 0, 

mi^lm^'-iP 

m = 4 Z (1 ± V4) 
n-4Z(l + Vi). 

When m and n haye these yalues, the inclination of the tangent is the 
greatest, and consequently at that point the resistance to the motion is the 
greatest. Jt is shown that the sine of the angle of inclination is expressed 
generally by 

P ^• 

Osllmg 2 =s 1, this 18 i x V4 = *884 A. 

Now the sine of the inclination of a plane of half the length of the bar, 
viz., I {, whose altitude is equal to the central deflection, viz., iP ^ (with 
which this case is frequently but erroneously confounded), would, when 

{ = 1, be proportional to ^ A = '5 A. That is, the greatest reeistanoe a 

heavy load experiences in consequence of the deflection of the bar over 
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wliich it passes, ia to the constant resistanoe it would experience in ascend- 
ing an inclined plane whose height is equal to the central deflection, as '384 
to *60, or nearly as 3 to 4. The former, moreover, acts only for an 
instant, and begins and terminates in zero, while the other remains constant 
throughout. 

To compare the sum of all the resistances in the two cases, let us consider 
still I =1, then the general expression for the resistance at any pointy viz. 

p ^ 

becomes 4 A ( — 2 m" + Zw? — m), 
and this multiplied by the differential of m, 

gives 4 A (— 2 m' + 8 m' — m) d ffi, 
the inbregal of which between the values 

m = 4 9jA m m* 1, 18 ) a ; 
while the sum of all the constant resistances *5 A for the half-length 

= ix4A = iA. 

That is, the sum of aU the variable resistances to a load by the deflection 
of the bar over which it passes, is exactly half the resistance the load would 
experience in ascending a plane of the same half-length, and whose height 
is equal to the central deflection of the same bar. 

Now the resistance on such a plane, the central deflection being i^ which 

is to be considered the height of the plane, ita length being \ I^ib -y, 
consequently the resiatance of a bar only deflected to the same extent 
will be - -. 

4. It will be understood that thia ia the resistance to the ascent of 
the body from the middle of the bar up to the prop ; and if, as has 
been assumed by some persons, as much power was gained in the descent 
as was lost in the ascent, the odds would be made all even, and the deflec- 
tion of the bar would be no impediment ; but this assumption is altogether 
enroneous, both in theory and practice. In fact,* the gain from descent is 
so exceedingly small in such short planes as we are here considering, that it 
may be wholly rejected ; so that in a plane supposed perfectly horizontal, 
the retardation, or additional resistance to the carriages, caused by the 
deflection of the bar, will be equivalent to the carriage being carried up a 

plane of half the whole length on a slope equal to— p, the other half 

being horizontal, or, which is the same, on one entire ascending plane, 

whose slope is --~ where I is the distance between the props, and i the 

central deflection. Having, thus, the resistance due to deflection estimated 
on a continually rising plane, the resistance per ton becomes known, and 
oonsequentiy the exact numerical increase of engine power which is necee- 
sary to overcome that resistance. Computing in this way, it appears that 
the effect of deflection on the several bars whose sections are given in p. 304, 
et seq.| produced resistances equivalent to planes of the following slopes j 
viz. 
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Bearing 






Equivalent 


distancei. 


Deflecttonv. 




planes. 


ft. in. 








3 


•024 




1 in 3000 


8 9 


•087 




1 in 2432 


4 


•041 




1 in 2341 


6 


•064 




1 in 1876 


6 


•082 




1 in 1756 



IncreaM power 
per ton. 

Ibfl. 

•75 

•92 

•95 

1-2 

1-8 

5. These being important oonaiderationi in the economy of railways, 

and feeling that what is per- 
fectly satisfactory to a mathe- 
matician cannot be eqnally bo 
to persons not in the habit of 
following such trains of reason- 
ing^ I had a little model made, 
representing one length of rail, 
the distance of the supports 
being 30 inches : the bars are 
drawn steel, \ inch by | ; the 
load with the carriage weighs 
134 ounces, and the deflection 
with that weight is nearly ^ an 
inch. The model is represented 
in the accompanying out, with the 
scale in which weights are placed 
for illustrating the points in 
question. From A to B was 
laid a well-planed piece of wood, 
on which, in the first instance, 
the railway bars were secured at 
their proper parallel distance. 
The end A of the model being 
now raised, this plane was made 
to be truly horizontal ; weights 
were then gradually put into 
the scale till that weight was 
found which just balanced the 
friction, and which was found 
to be ezactiy 5 ounces, in- 
cluding the scale. 

The model was then placed 
in its natural position, the base 
D accxirately levelled, and the 
carriage placed on the unsup- 
ported bars, the weight being 
thrown as nearly as possible 
over the front wheels only ; 6 
ounces due to friction were in- 
troduced, and weights gradually 
added : as eadi ounce was intro- 
duced the carriage advanced, 
and with 16 ounces it rose over 
the point E, where the resist- 
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ance was the greatest, and waa then accelerated to the end. E, according 
to the preceding investigation, was a little beyond the half of the half- 
length, and the same was distinctly indicated by the experiment. At the 
lowest point of the curve the resistance was the same as on the horizontal 
plane, as it was also at the end B, which are both likewise consistent with 
the investigation. 

The bars were now removed, and the plane already mentioned placed 
from A to B, inclining so that the bars passed exactly through the point F, 
when it was found that the weight necessary to baJauce the carriage and 
friction was 1 9^ ounces. The greatest resistance, therefore, on the deflected 
bars was to the resistance on this plane as 

(16 — 5) to (194 — ^)i or as 11 to 14}, 

which is also very closely approximative to what i» given by the theory. 
The only doubt, therefore, which can remain, is how far I ought to reject as 
inconsiderable any increase of power on the descending side. This point 
cannot be met experimentally, and I am therefore obliged here to depend 
only on demonstration^ The case certainly involves no great difficulty of 
conception as a mere question of theoretical mechanics : having, however, 
been treated on different principles by persons of considerable scientific 
eminence, I should have been glad to have exhibited the effect experi* 
mentally ; but as the whole turns upon velocity, this is impossible. The 
demonstration alluded to is involved in the prindples explained in the 
following section. 

On the Laws which govern the Action of Locomotive Engines on Bailways. 

6. At this time, when a novel application of a powerful mechanical agent 
is being made over so numy miles of this country, and different public com- 
panies are competing with each other to effect the same object by different 
lines, it is desirable that some certain rule should be established of esti- 
mating the effects of the same engine on different loads, and of the several 
ascending and descending planes which necessarily occur in all, in order 
thereby to form a just comparison of their respective mechanical merits. 
These questions have been examined by different writers, but unfortu- 
nately without coming to any fixed conclusion ; in fact, both the theory 
and practice in this branch of mechanics involve points of consideration 
which are liable to lead to some discrepancies, according to the views which 
may be taken of them. 

One of the prevailing defects in many of these solutions is, that of 
iMMmtning that the engine poww required for different loads on a horizontal 
plane is proportional to the power of inustion requisite to produce the 
motion : whereas the expense of engine power has no definite ratio to the 
force of traction, in consequence of the different forces which must be over- 
come before any motion can be impressed on the load. 

Thus, for example, before any motion can be produced on the load, 
whether it be great or small, the following resistances must be overcome : 
viz. 

Ist. The friction of the engine gear. 

2nd. The frictioa of the wheels and axles of the engine and tender. 

3rd. The pressure of the atmosphere upon the surface of the pistons. 
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The power or quaniity of steam thnB expended every stroke of the engine, 
before any effect can be transmitted to the load, is ?ery considerable, in 
many oases qnite as much as is employed for actual traction.* 

7. Amongst the writers who have contributed most to elucidate the 
laws of action in locomotive engines, we ought to distinguish M. Pambour, 
a French engineer, who, after many judiciously conducted experiments on 
the liverpool and Manchester and on the Darlington lines of railway, 
has arrived at numerical results which appear in every respect to be entitled 
to entire confidence : according to these — 

1st The friction of the engine gear alone, that is, without a load, 
amounts on an average of several engines, to 6 &«. per ton of the weight of 
the engine, as applied to the oircumferenoe of the wheeL 

2nd. That the Motion of the wheels, axles, <ka, of the engine and tender 

is 9 lbs. per ton. 

3nL That the friction of the waggons, without the engine and tender, is 
8 Sm. per ton, including the weight of the waggons and load. 

4th. That the friction on the engine gear is, at a medium, 1 lb. additional 
per ton for every ton weight of the load and waggons. 

5th. M. Pambour, who, as far as I know, is the first writer who has dis- 
tinctly introduced the pressure of the atmosphere on the pistons, estimates 
that pressure at 14-7 lbs. per square inch. 

6th. Lastly, it is assumed, tiiat equal quantities of steam are producible 
in equal times ; and that the pressure on the piston, at any time, is inversely 
as the velocity. 

8. Let now 

W denote the tons weight of the engine. 

v> the tons weight of tender. 

L the tons weight of the waggons and load. 

L' the gross los^ incladiog the engine, tender, ko. 

Then the force necessary to be applied at the drcumferenoe of the wheel to 
balanoe these resistances alone, will be 

6W + 9(W+w) + 9L = 6W + 9L'. 

To this is to be added the pressure of the atmosphere, or its resistanoe to 
the motion of thejpistons, viz. 

icPx X 14-7, 
(P w being the area of one piston in inches, and 14*7 the number of fi>8. 

pressure per inch. 

But this last resistance being only overcome with the velocity of the 
piston, must be transferred to the circumference of the wheel, where the 
oiher resistances are estimated. Taking therefore D to denote the diameter 
of the wheel, and I for the length of stroke, we have 

Dx :2l:: icPx x U'7 : g^ — -, 

whidi is the force that must be applied at the circumference of the wheel to 
balanoe the pressure on the piston. 

* Onr engineers are in the habit of speakhig of the power of high-pressure engines 
by the pressure of the steam as exhibited or limited by the safety-valve, that is, by the 
presBoxe above the atmosphere, and this is qnite oorreot while comparing the effective 
power of di£ferent engines ; bat in estimating the expenditoxe of steam to prodnoe this 
disposable power, the whole elasticity of the steam most be considered. 
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Let {his be denoted by A, then the whole foroe requisite to balance the 
resistance on a horizontal plane is 

A + 6 W + 9 L'. 
And as the sum of the first two terms is constant, call 

A + 6 W = C, 
then the whole resistance will be expressed simply by 

+ 9 L'. 

And suppose that the observed horizontal velocity with this load is v, and 
it be required to determine the Telocity the same engine would impress on a 
gross load U\ we should have 

(C + 9 L') « - v' (C + 9 L"). 

9. In an observed experiment, let the weight of the engine W=12 tons, 
of the tender w^6 tons, and L = 82 tons ; and consequently U = 100 tons, 
and the velocity v=z25 miles per hour. And in another case, let the load 
be one-half, or 41 tons, and therefore the gross load L''z=69 tons ; and let 
the dimensions of the engine be as follows, viz., diameter of piston 12 
inches = d, the length of stroke 1=1^ foot, and diameter of drawing wheels 
D= 5feet. 

Then A « =« 635 Iba. 

6W = 72 



Then = 707 
And in the first ease 9 L' = 900 lbs. 
in the second 9 L" =s 581 lbs. 

And substituting these numbers in the above expression, we find 

C + 9V 



-f 9L" 



V =B 821 tiules. 



So that diminishing the load by one-half only increases the velocity about 

7i miles per hour. 

If, on the other hand, the velocity v = 25 was that observed on the 

half-load, we should have 

707 + 581 «, ,^, ., 
^ « ^n^ ^AA X 25 = 191 miles, 
707 + 900 * 

That is, the double load is carried by the same engine, and with the 
same expenditure of power, at nearly ^ths the speed of the single load, 
— ^results which are by no means inconsistent with practical experience. 



On ihe Itffect of GradienU. 

10. As some difference of opinion exists on this subject, probably arising 
more from imperfect definition than from any other cause, it may be well to 
examine the subject rather more in detail than would be otherwise requisite. 

Let us therefore take a veiy simple theoretical case, by supposing a 
body tne from fiiction and resbtance to be moving along a horizontal 
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plane with a' oertain velocity, which we may aasTime to be 32 feet per 
second, and that it arrivee at the foot of a plane, rising 1 6 feet ; then, by 
the known laws of mechanics, the body in this pi^icular case will arrive at 
the top of the plane, and at that point will have lost all its velocity ; but 
if there it meets an equal descending plane, it will, in its progress down, 
acquire at the bottom the same velocity it had at first. In this respect, 
therefore, it may be said to have lost no force, because its first and last 
velocities are equal ; but, as the time of the body ascending one plane and 
descending the other, will be double that with which it would have passed 
over the same horizontal distance with its first velocity, it will have lost time ; 
and a loss of mechanical* effect is thus sustained. 

11. If now, instead of a body free fiH)m friction and resistance, we take 
the case of a locomotive engine, moving with the same velocity, and suppose 
it to possess, within itself, a power so exerted as just to balance the friction 
at aU velocities, that is, as acting upon the piston throughout the journey 
with a uniform pressure, then this body will not mechanically differ &om 
the former ; that is, it will ascend and descend the plane according to 
the same laws, and there would be still no loss of power, but a Iobs of 
time only ; for, according to this view of the question, the quantity of 
steam power expended would be the same as if the body had passed along 
the base of the two planes (rejecting the difference in the length of the base 
and plane itself as altogether inconsiderable). 

It will be observed, however, that the nature of the steam power thus 
assumed, is not that which occurs in the actual machine ; for, as the 
steam itself can only be generated at a certain rate, it follows, that its 
pressure will vary according to the rate of motion, and therefore, instead 
of being applied, as supposed above, only to overcome the Mction, it will 
act on the ascending plane to aid in the ascent ; and, on the other hand, 
on the descending plane the natural graviteting power will assist in over- 
coming the friction. The two forces thus act conjointly, and being subject 
to different laws, the question of gain or loss of power becomes rather oom« 
plicated. If we examine our first two supposititious cases, it will be found, 
that the restoration of the original velocity depends upon the time of 
ascent and descent being equal, so that all the velocity lost by 4he ascent is 
regained in the descent ; but in the actual case, the time of ascent exceeds 
that of the descent, and there is not therefore time for gravity to restore on 
the descending side all the velocity lost on the ascending side ; and a loss 
both of time and power (which are equivalent in a locomotive engine) is 
sustained accordingly. 

12. It is dear, that when a locomotive engine and train, proceeding 
with a given horizontal velocity, arrive at the foot of an ascending plane, 
the motion firom that point will be retarded till the increased pressure of the 
steam is sufficient to balance the increased force of traction and friction, 
after which the motion will continue uniform. And when the engine and 
train, proceeding at the same velocity, arrive at the top of a descending 
plane, the motion down will be accelerated till the reduced pressure of the 
steam due to the increased velocity is just such as to bahwce the difference 
between the two opposite forces of friction and gravity, when the descending 
velocity wiU become uniform also. 

13. Let us now endeavour to get an expreeaion for the accelerating 
forces above referred Uk 
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We haye seen, that with a gross load L', the force of traction on a hoii« 
Eontal plane is expressed in fts. by + 9 1/ ; and let \^J}! = — , be 
taken to denote the force as a fraction of the load, the corresponding 
velocity being v, and let — denote the slope of the plane, or the height 
divided by the length, and let v' be the velocity of ascent at any time, then 
{he steam pressure being inversely as the velocity, and being eqnal to — > 

with a velocity v will, at the velocity v', be expressed by 



V 



Vf 



The' increased foroe of traction in 9>s. will be ^^^ and this will 
bring on an increased firiction on the engine gear of — - — * For we have 

o t 

seen, that the friction on the engine gear amounts to ^th of the whole force 
of traction : if, therefore, we again divide these terms by 2240 L\ as before, 
we find that the actual forces in operation are, 

Urging force , ^ , or steam pressore. 

1 
Setarding foroe — y , the origiiial retarding foioe. 

Ditto ditto , the weight of body on the plane. 

Ditto ditto -^ — , increased friction of en^ne gear. 

And therefore the whole variable force is 

rill » — t/ 9 



f/ f f » 8 « f/f 8 « • 

14. Ptedaely the same forces are in action on the descending plane, but 
— is now an urging force, and — acts as a reduction of the force -y. The 

expression, therefore, for the descending force is 

V — t / 9 

And therefore, 

V— f/ , 9 

± -5^ =^ 



v'f — S » 

wUl be a general expression for the variable force with which the engine is 
urged along any plane ascending or descending. 

15. From this expression we may in all oases determine at once the 
velocity of ascent or descent after the acceleration ceases, that is, after the 
motion becomes uniform ; for in this case the preceding value of the force 
<f> becomes zero, so that 

— ^ ± -g-^ = 0, or thrt 
« — t/ _ 9 



= + 



/f ^ 8«- 
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And from thiB we may ascertain the tinifoim yelodty due to any slope, or 
the slope which will give any proposed velocity. 

Suppose, for example, it were required to find the inolinaiion which would 
produce a final uniform velocity = 21;. Substituting 2 v for t^, we find 



2/" 8«* 9 9 f 

Again, to find the slope that will give an ultimate uniform velocity ^ greater 
than the uniform velocity 1^, we have only to substitute «' := ^v, and we 
obtain 

^ ^ Or ^ ^ 



6/ St » 27/' 

And this is perhaps the greatest increased speed that can, with a due regard 
to safety, be adiinitted on a descending plane ; and it is therefore the 
greatest idope that can be safely descended with the steam admission valve 
fully open. 

16. In order to form a correct estimate of the practical effect of gradients, 
we must confine ourselves wholly to the question as limited by oonsidera- 
tious of prudence, that is, by claiming no more advantage for the descend- 
ing planes than is consistent with safety. 

These limitations must be somewhat arbitrary, but the following are per- 
haps agreeable to the usual practice. 

1st. That no plane on which the train would be accelerated with the 
steam wholly shut off, ought to be descended with more than the uniform 

horizontal velocities. Such are all planes having a slope — greater than 


-^-7, and on which of course the brake must be applied to prevent 

acceleration. 

2nd. That all those planes on which the ultimate velocity would exceed 
j-th of the original hoxixontal velocity, and in descending which, therefoce, the 
admission of steam must be partly shut off, ought not to be descended 
with more than |.ths of the original velocity. Such are all planes between 

1 8.1 4 

and — = 



9 9/ t 27/' 

All planes of less slope than this last will, soon after the descent of the body 
commences, take up their uniform velocity without shutting off any steam, 
and the speed down them may be computed from the formula 

t?~t/ —9 

t;'/ " 8 « 
without any sensible error. 

And in all cases the ascending velocity, which soon becomes uniform, may 
be computed by the formula 

w — t/ 9 



ihe former of which gives 



and the latter 



V/ - 8 « 
8 vt 



r'rr 



8» — 9/ 
St + 9/ 
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17. Henooy in estimating the mechanical advantage of a desoending plane, 
we must daim nothing for those whoM slopea are eqnal to or exceed 

J 8^ 

* " 9/* 

For all plancB whose slopes fall between 

and 



9/ 27/ 

we may daim an increased Telocity of j-th. 

4 
For planes of less slope than -^^ the advantage may be computed by 

the first of the above formulss. 

And in all cases the redaced i»lodty on the ascendiog plane by the latter 
formula. 

18. The best way of exhibiting these effects will be by computing the 
lengths of equivalent horizontal planes, that is, the lengths of horizontal 
planes which would be passed over in the same time, and with the same 
power as the ascending or descending planes in question, and taking these 
lengths as the measure of their mechanical effects. 

Thus, planes sloping more than -^-^ (descending), will have for their 

equivalent horizontal plane one of equal length to the planes themselves ; 
descending planes having slopes between 

-r— - and^ 



9/ '27/ 
will have their equivalent horizontal planes jths of their own lengths. And 

planes of less slope than -^=-f will have their epuivalent planes — *~" ^ 
times their own length ; and 

Lastly, all ascending planes will have their equivalent planes — ^-^ — ^ 

times their own length. 

19. By way of illustration, the following Table has been computed, 
taking the dimensions already given of the locomotive, page 315, with a 
gross load of 100 tons. 

According to those data, 

+ 9 L' 707 + 900 1 1 



2240 L' " 224000 189 / ' 

and taking the several planes, each 1 mile, the lengths of the equivalent 
planes for the ascending side are given in column 2, and the equivalent 
descending planes in column 3 ; and column 4 shows the mean of two, 
ascending and descending. 

Thus the time and power required to ascend a plane of 1 in 00, one mile 
in length, would carry the train 2 '74 miles on a horizontal plane. The 
time to descend it would be the same as to go over the same mile horizon- 
tally, and the mean of the two 1*87, that is, a mOe of such plane would 
require the same time to pass and repass it as would admit the train to pass 
and repass 1*87 mile on a level. 
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20. Table thowmg the e^volMl AortaoMfaZ Imntoih^ieveTal {uemdingamd deteendimg 
plana as given below; the power and duneneione of the engine being ae eUUed im 
p. 315. Thegrost load^ incUuUng engine^ dx,y 100 tone. 





Equivalent horixontal lines. 




Oradlentsor 
inclined planes. 




Mean effect 


Ascending. 


Descending. 


1 in 00 


2-74 


1-00 


1-87 


1 100 


2-57 


100 


1-78 


1 120 


2-81 


1-00 


1-65 


1 140 


212 


1-00 


1-56 


1 160 


2 00 


•88 


1-41 


1 180 


1-87 


•88 


1-35 


1 200 


1-78 


•88 


1-80 


1 250 


1-63 


••88 


1-23 


1 800 


1-52 


•88 


117 


1 850 


1-46 


•88 


114 


1 400 


1-89 


•88 


1-11 


1 500 


1-81 


•88 


1-07 


1 750 


1-21 


•88 


108 


1 1000 . 


116 


•85 


1^01 


4 1500 


110 


•90 


100 



It will hare been olMerred that as the expression + 9 L' inyolves a con- 
stant qnantity C, the value of the fraction —j- will vazy with the load. 

ThxjAy snppoeing the gross load to be 60 tons instead of 100 tons, we should 
have 

C + 9 y ^ L L 
2240 L' "" 97 " / 

The length of the equivalent planes, therefore, change with the load, and the 
following Table ia computed for the same engine, vrith a load of 50 tons. 



21. TahU ekowing the equivdUni horieontal linee to the eeveral ascending and descend- 
ing planes, as given below ; the power and dimensions being cu stated in p. 815. 
The gross had, induding iu engine, dsc,, 50 tons. 





Equivalent hoiisontal lines. 




Oradlentsor 
inclined planes. 




Mean effect. 


Ascending. 


Descending. 


1 in 90 


2-21 


100 


1-61 


1 100 


2 09 


1-00 


1-54 


1 120 


1-91 


100 


1-46 


1 140 


1^78 


•88 


1-39 


1 160 


1-68 


•88 


1-25 


1 180 


1^60 


•88 


1-21 


1 200 


1-54 


•88 


1-18 


1 250 


1^44 


•88 


118 


1 800 


1-36 


•88 


109 


1 850 


1-81 


•88 


1-07 


1 400 


1-27 


•88 


105 


1 500 


1-22 


•88 


108 


1 750 


1^15 


•85 


100 


1 1000 


1-11 


•89 


1-00 


1 1500 


107 


•98 


100 
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22. The two oases aboye oomputed, of gross weights of 100 tons and 50 
tons, are about the mean of the luggage and passenger traias on the 
Liverpool and Manchester line. And in estimating the loss occasioned by 
gradients on any proposed line, we may take the one or the other accord- 
ingly as the traffic may be expected to consist mostly of luggage or 
passengers. 

The following Table shows the computed equiralent length of a line of 
railway from Croydon to Dover ; the data being assumed as stated in the 
Table. 



23. Table $homng the length* of the tquwalefiU hortiontcU planes/or the eeperal gradients 
on the Soiuh Eatiem line^ bettpeen Croydon and Dover, Engine ae before; 
auumed grou weighty 100 tone. 



• 


1 


g 


Equivalent 
horizontal lines 
from Croydon. 


Equivalent 

horizontal lines 

from Dover. 


Data employed. 


•^ 


1 




M. Ch. 






M. Ch. 


M. Ch. 




22 




Leyel. 


22 


22 


Weight of engine ... 12 tons. 


1 12 


1 in 150 


Rise. 


2 28 


1 12 


Do. tender ...^ 6 ,, 


1 58 


1 100 


Ditto. 


4 34 


1 56 


Waggons and loads ...' 82 „ 


1 14 


1 150 


Ditto. 


2 22 


1 14 


Gross weight 100 „ 


2 66 


1 830 


I^itto. 


3 79 


2 20 


Friction of load 8 Ibe. per ton. 


1 68 


1 860 


Fall. 


1 43 


2 53 


Engine and tender 9 lbs. do. 


1 50 


1 100 


Ditto. 


1 50 


4 14 


• 


7 


1 830 


Ditto. 


5 67 


10 28 


Bngine gear .-„ 
without load { '^ 


5 


1 528 


Ditto. 


4 14 


6 40 


1 


• • « 


Level. 


1 


1 


Additional at 1 lb per ton. 


1 40 


1 880 


Rise. 


1 61 


1 24 




2 40 


1 830 


Pall. 


2 7 


8 56 


Diameter of wheel ... 5 feet. 


3 


1 880 


PaU. 


2 49 


8 43 


Length of stroke ... 1 ti 


4 


1 1320 


Rise. 


4 38 


3 53 


Diameter of piston 12 inches. 


1 


1 2640 


Fall. 


77 


1 4 


Pressure of atmosphere, 14*7 lbs. 


3 


■ • • 


Level. 


3 


8 


per inch. 


9 


1 609 


Rise. 


11 27 


7 40 




2 68 


1 2950 


Fall. 


2 60 


2 79 




S 49 


1 330 


Rise. 


6 27 


3 1 




5 40 


1 380 


Ditto. 


7 60 


4 47 




1 42 


1 100 


Pall. 


1 42 


3 73 




1 71 


1 830 


Ditto. 


1 46 


2 63 




5 53 


... 


Level. 


5 53 


5 53 




76 


1 338 


FaU. 


63 


1 32 


Mean, 79 23 


69 87 


79 9 


79 37 



Whence it appears that the effect of the several gradients wUl oost an 
expenditure of time and power which would have carried the train 10 
miles further on a horizontal plane ; being a loss of power of about 10 per 
cent. 

It will be observed, that in the preceding Tables the whole time of ascent 
is considered as if it were made with the uuiform velocity, whereas the com- 
menoeinent of the ascent is more rapid in consequence of the original 
velocity ; it is, however, assumed that the little time thus gained is lost 
after Uie train reaches the top of the plane, by its having to regain its 

Y 
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original horizontal Telocity. A limilar remark appliM to the time of 
descent. 

To obtain a practical caae, in order to compare the preceding rules with 
practice^ I wrote to Mr. B. Stephenson, and was fnmiihed by him with the 
following : — : 

WHARNCLIFFE ENGINE. 

ft. in. 
Diameter of driyiDg wheels . . .46 

Length of stroke . . . . ..16 

Diameter of piston . . . • . 12 

Mean speed, horizontal plane, with a load of 100 tons, 20 miles. 
Mean speed up the Rainhill plane of ^, with a load of 

60 tons . . • . 12 „ 

Weight oi engine, 12 tons ; tender, 6 tons. 

Let ns now assume the horizontal velocity of 20 milea^ as given, and 
compute what the ascending velocity ought to be : 

Fuii^lOO + 18 » 118 gross load, 
6 19 = 72 X 

A = 5 = 706 I ^ith 118 tons. 

118 X 9 =1062 ) 

« ^T/ ^««« ^ 1839 1 1 

+ 9L' -1839, and ^g^^ - - « y. 



Again, 



And 



6 «9 « 72 ) 

A = 705 V with 68 tons. 
68 X 9 = 612 ) 

« «T/ ,on^ a 1389 1 1 

C + 9L' =1889, and 527^,-- = y 



mOes. miles. 
1389 : 1839 : : 20 : 264, 



the rate a load of 60 tons would be carried on a horizontal plane by the 
same engine : we have, therefore, by the formula 

v'/ ~ 8« 

1/ = - ^ ^'. = llj miles, 
8» + 9/ ■ ^ 

the velocity of ascent, which, according to Mr. Stephenson's practical expe- 
rience, is 12 miles per hour ; as dose an approximation as can be expected 
in such a case. 

The following Table contains a number of other practical examples, which 
will enable the reader to form a comparison of the results with the formula* 
They are taken from the experiments by M. Pamboiur^ on levels and planes 

of — and — » 
89 96 • 
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FROM FAMBOUB. 












Load 


Desoent Bpeod, 


Press 




Speed, 


Press 


V « ^ ^ 


* 


and tender, or leveL mUefl. 


of staoxa 


▲icent. miles, of steamu 


July 17, 
1834. 


(Atlas 
Do. 


27-45 


Wbt 26-47 


54 


A 


.14 


6^ 


nly 23. 


39-40 


not giren 




A 


6 


55 


July 81. 


Do. 


40-15 


IsTel 16 


27i 


A 


7-6 


51 


Aug. 4. 


Do. 


44*26 


not giyen 




is 


8-76 


61 


July 24, 
1884. 


I Fury 


56-16 


lerel 17*14 


55 


A 


6*81 


66-5 


July 24, 
1834. 


Do. 
Do. 


48-8 


level 17-50 


55 


i^ 


15 


67 


Aug. 4. 


87-97 


level 25-00 


52-5 


A' 


18 -38 


55 


Aug. 1, 
1834. 


Vesta 


3315 


level 29 


50 


A 


14-11 


55 


Aug. 16, 
1884. 


Do. 


87-45 


not given 




A 


8 25 


58 


Do. 


Do. 


89-05 


not given 




in 


8-0 


66-5 


Aug. 15, 

1834. 


JLeeds 


88-15 


level 22-5 


46-5 


A 


10 


48-5 


July 22, 

1834. 
July 22. 


Vulcan 


39-07 


not given 




in 


11-42 


57-5 


Do. 


41-32 


not given 




A 


18-75 


57-5 








Inchee. Stroke. 


Diaxn. W. 


Weight. 




AtUs ... 


... ... 


Diam. piston 12 16 in. 


5 feet. 


11 -40 tons. 


Fury ... 


... ... 


99 


11 16 


5 




8-20 




Verta ... 


... ... 


9* 


111 16 


5 




8-71 




Leeds ... 


... ••• 


|} 


11 16 


5 




7-07 




Ynloflii ... 


... •• • 


» 


11 16 


5 




8-34 




Atlas ... 


... . • • 


26-47 : 




14 or 1 


! -53^ 








Do. 


... ... 


16 




7-5 1 


-47 








Puiy ... 


... ... 


1714 




6-31 1 


i -87 








Do. 


... •.• 


17-60 




15 1 


•85 


' Mean 1 : -52 




Do. 


... ... 


25 00 ; 




13-38 1 


: -53 








Vesta .. 


... • • • 


29-00 ! 




1411 1 


•48 








Leeds ... 


... ... 


22-5 




10 1 


•44 J 
















7)367 


















-52 
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TABLE SHOWING THE SPECIFIC GRAVITY AND THE 
WEIGHT OP A CUBIC FOOT OF VAEIOUS BUILDING 
MATEBLiLS. 

The ip«dfio gmntf ol tain water being 1000. 









Weight of 


a cubic foot 


HaTBBI 4LB. 


Specific gravitieB. 


in Iba. 


Woods. 






From 


To 




From 


To 


flM. 


Iba. 


Acacia (false) . . . . 


748 


. 820 


4«-75 


61-25 


(three-tborned) 


■ • 


Mean .. 


676 


Mean 


42-25 


Ash (dry) .... 






690 


845 


4312 • . 


52-81 


Beech (mean aort) 






696 


854 


43-50 


53-67 


(dry) . . . . 






690 




4312 




Birch .... 






720 .. 




45-00 




Box (Batch) .... 






1080 .. 


! 1828 


64-37 


!! 83-00 


(Turkey) . 






950 


. 1024 


59-37 


64-00 


Cedar (Indian) 






1815 




82-18 




(yarioas ooontries) . 






458 .. 


'. 753 


28-31 


!! 47-06 


(of Libanaa) 






486 


608 


30-87 


37-68 


Cherry Tree 






672 


741 


42-00 


46-31 


Chestnut (Sweet) . 






535 


685 


33-46 


42-81 


(Horse) . 






483 


.. 667 


30-18 


4106 


Cowrie 






579 




86-20 




Cypress .... 






644 .. 


''. 655 


40-25 


['. 40-93 


£lm (green) .... 






693 .. 


940 


44-41 


58-75 


(seasoned) 






553 


588 


84-56 


36-76 


Fir (Norway Spruce) 






512 




82 00 




(American) 






465 




29-06 




Larch (seasoned) red 






496 .. 


'. 640 


81-00 


'.'. 40-00 


(white) . 






364 .. 




22-76 




Mahogany (Spanish) 






816 


! 852 


51-00 


! 63-30 


(Honduras) 






560 .. 




35-00 




Oak (green) .... 






1063 .. 


,', 1216 


66-43 


76-08 


(Irish Bog) 






1046 




66-37 




(Adriatic) . 






993 




62-06 




(American) 






752 




47-00 




(Bnglish) dry 






625 .. 




39-06 




(Dantuc) . 






755 .. 




47-24 




Pear Tree (dry) 






646 


708 


40-37 


44-25 


Pine (American Pitch) dry 






741 . 


936 


46-31 


68-50 


(Scotch) dry . 






529 


696 


26-81 


43-50 


(Memel and Riga) 






466 .. 


.. 553 


2912 


34-56 


(American) 






868 




23-00 




Plane .... 






538 .. 


.! 648 


83-62 


40-60 


Poena 






635 




89-95 




Poplar .... 






374 


529 


24-37 


33-06 


Sycamore .... 






590 


645 


86 -87 


40-31 


Teak (dry) 






657 


. 832 


41-06 


62 00 


Walnut Tree (green) 






920 




57-60 




(dry) . 






616 


! 735 


88-50 


46-93 


Willow (green) 




619 




88-68 




(dry) 


404 .. 


568 


26-25 


!! 86-60 
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TABLE— (eon^mittO. 









Weight of a cubic foot I 


IfATBBLiLS. 


Specific gravities. 




in lbs. 




Srovn AHD CiXBiin. 






From 




To 




From 


To 


lbs. 




lbs. 


Bualk 


2478 ... 


SOOO 


154-87 


• • • 


187-50 


Briok (common) . . . . 


1567 ... 


2000 


97-31 


• • • 


125-00 


(stock) .... 


1841 ... 


2168 


11506 


• • • 


185-50 


(Dntch clinker) . . . 


1482 ... 




92-62 


• • • 




(Welsh fire) . . . . 


2408 ... 




160-50 


• •• 




Brickwork 


Mean 


1520 


Mean 


• • • 


95-00 


Chalk 


2815 ... 


2667 


144-68 


• • • 


166-06 


(Glnnch) 


1869 ... 


2657 


116-81 


• • • 


166-06 


Flint 


2580 ... 


2680 


161-25 


• mm 


164-37 


Ghranite 


2624 ... 


8000 


164 00 


• • m 


187-48 


Marble 


2580 ... 


2840 


161 -25 


• •• 


177-50 ^ 


Mortar (bair) dry 


1884 ... 




86-50 


• •• 




(Tariona) dry 


1414 ... 


1898 


88-37 


• ■« 


118-31 


Plaster, cast 


1286 ... 




80-37 


• • • 




Puxzolano 


2570 ... 


2850 


160-62 


• • • 


178-12 


Serpentine 


2561 ... 


2683 


160-06 


• • • 


167-68 


Slate 


2512 ... 


2888 


157-00 


■ • • 


180-60 


Stone (Bath) 


1975 ... 


2494 


123-48 


• • • 


155-87 


(Bine lias limestone) 


2467 ... 




454-18 


• •• 




(Bramley Fall) . . 


2506 ... 




156-62 


ae* 




Stone (mean of Tarions kinds) 


2000 ... 


2686 


125-00 


• • • 


167-87 


Stonework 


Do. 


Do. 


Do. 


• ■ • 


Do. 


(Yorkshire paving) 


2356 ... 


2507 


147-25 


• »• 


163-37 


Tile (common) 


1815 ... 


1858 


113-43 


• • • 


116-15 


Barths, Bto. 












Clay (eommon) . .' . 


1919 ... 




119-93 


• • • 




(with gravel) . . 


2560 ... 




160 00 


• •• 




Coke 


744 ... 




46*50 


«* « 




Coal 


1269 ... 


1526 


79-31 


• •• 


95-37 


Barth (common) .... 


1520 ... 


2016 


95-00 


• • • 


126-00 




1749 ... 




109-80 


• •• 




Lime (quick) .... 


848 ... 




52-68 


• « • 




Marl 


1600 ... 


2870 


100- 


• • « 


179-87 


Sand Tqnarts) .... 
(common) . . . 


2750 ... 




171-87 


• • • 




1454 ... 


1886 


90-87 


■ • • 


117-87 


Shingle 


1424 ... 




89 00 


• • • 




Water (Bain) 


1000 ... 




62-50 


• • • 




(S«) 


1027 ... 




64-18 


• •• 




MxTAia. 


- 










Brass (cast) 


8100 ... 




506-25 


• • • 




(wire, plate) 


8141 ... 


8544 


527-56 


• •• 


534-00 


Copper (cast) 


8607 ... 




587-93 


• • • 




(sheet) .... 


8785 ... 




549-06 


• •• 




Iron (bar) 


7600 ... 


7800 


475-00 


• •• 


487-50 


(cast) 


7200 ... 


7600 


450-00 


• •• 


475 00 




11352 ... 


11407 


709-60 


• • • 


712-98 


Pewter 


7248 ... 




453-00 


• •• 




Flatina 


21581 ... 




1345-63 


»• • 




Steel 


7780 ... 


7840 


486-25 


• •• 


490-00 


Tin 

_. ___ 


7291 ... 


7299 


455-68 


• • < 


456-18 



APPENDIX a 

ESSAY ON THE EFFECTS PRODUCED BY CAUSING 
WEIGHTS TO TRAVEL OVER ELASTIC BARS' 

General lUmarJcs and Description of the ApparaMis' erected in Portsmouth 
Dockyard^ and of the Experiments performed with U by Captain Jam^ 
a»ui Lieutenant Oalton, 

OiTB of the objects to which the atlontion of the Commission was directed 
by the terms of its appointmeuty was *^ to illustrate by theory and experi- 
ment the action which takes place under varyiug citcumstauces in iron 
railway bridges. '' Now a bridge has necessarily to sustain the action of 
loads which pass over it, and, in the case of railway bridges, the velocity of 
transit is exceedingly great. 

The effects of loading elastic bars with Weights appended to them 
at rest have been very fully investigated, both by theory and experiment, as 
is perfectly well known ; but the effects produced upon such bars by causing 
the weights with which they are loaded to travel with more or less velocity 
along them had never been, as far as the Commissioners were aware, made 
the subject of research, either practically or theoretically. It was therefore 
resolved that experiments should be arranged for the purpose of determining 
the influence of velocity communicated to a load upon the deflection and 
fracture of the structure over which it is transmitted, and which has, 
therefore, to sustain its pressure during its transit. 

It was thought desirable at the beginning of the investigation, that the 
experiments should be made on a large scale, so as to give a practical value 
to the results, whatever they might be, that should be obtained. The 
object in view was to subject bars of cast iron to the action of passing 
loads for the purpose of examining how the velocity of any given load 
would operate to increase or to diminiah its pressure upon the bars, and 
consequently of determining its power in deflecting or fracturing them as 
compared with the effects of the same load, placed at rest upon the bars in 
the usual manner of experiments upon the strength of materials. 

An apparatus was therefore required which admitted of having ban 
which were to be the subjects of the experiments readily fixed to receive 
the passing load, the latter being capable of adjustment to various weights 
at pleasure ; and it was also requisite to ha?e the means of giving any 
desired velocity to the load. Jjastly, contrivances were required for the 
purpose of registering the effects. 

A liberal permiBsion had been granted to us by the Lords Commissioners 
of the Admiralty to make use of Portsmouth Dockyard for our experiments, 
and as the apparatus in question required considerable space, it was detei^ 
mined to erect it in that place. Captain H. James, one of Her Majesty's 
Commissioners for carrying out the present inquiry, also resided at Ports- 
mouth, holding the office of Director of Works in the Dockyard. He, 
therefore, was requested to undertake the construction of the apparatus 
required for the purposes already mentioned, and the mechanism about to 

* By the Rev. Robert Willis, M.A, F.R.S., &o., Jacksonian Professor in the Uoi- 
yersity of Cambridge. (Extracted from the Appendix to the Report of the Commissioners 
appointed to Inqaire into the Application of Iron to Railway Structures. Jul 26 1849.) 



WEIGHTS MOVING OYER ELASTIC BARS. 827 

be deseribed was wholly contrived and set up under his direction. Of this 
mechaniBm it Ib sufficient to say that from the beginning it answered its 
purpose most admirably, requiring only a few alterations, the necessity for 
which became evident after the preliminary experiments had shown more 
dearly the points of the investigation that required to be developed* The 
experiments themselves were wholly carried out under the personal superin- 
tendence of Captain James and Lieutenant Galton, the Seoretazy to the 
Commission. 

The apparatus was principally designed to experiment on bars of nine 
feet in length, and the load consisted of a small ordinary railway oar, 
adapted to run on rails three feet asunder, and to receive pigs of cast iron, 
by which the weight of the whole could be adjusted from half a ton to two 
tons at pleasure. It was determined to employ an inclined plane as the 
simplest mode of giving a manageable velocity to the load, and the space at 
command in the Dockyard enabled this plane to be erected upon a scale that 
raised its upper extremity 40 feet above the lower part. 

The entire machine, together with details of every portion of it, is shown 
in Plates L and IL The form and proportions of the car and its rails are 
sufficiently shown by its side elevation, plan and section, in figs. 4, 5, and 6, 
respectively. The general form and arrangements of the scaffold are given 
in figs. 1, 2, and 8. 

Figs. 1, 2. This inclined plane or scaffold supported the railroad, of 
which thirty feet of the upper part were straight and inclined to the horison 
at an angle of 46°. The course of the bars was then bent into an arc of 
a circle of 50 feet radius, by which the upper and inclined part (A) of the 
railroad was gently and imperceptibly connected with {Djy) the horizontal 
portion beneath, which from the point of its junction with the curves was 
extended 18 feet to the place (0) where the ends of the trial bars were 
fixed. These were laid horizontally so as to form a continuation of the 
railway, with this difference, that whereas the railway bars were supported 
by chairs of the ordinary kind, fixed at intervals of 4f 6' to the framework 
of the scaffold, the trial bars were sustained by chairs of a peculiar con- 
struction (FF) at each end only. 

One of these chairs is represented in plan and section on a larger scale in 
figs. 10, 11, and 12 ; finom which it appears that the end of each trial bar 
(C) was cast with a projection beneath, and kept in its place laterally by a 
pair of wedges, which were not driven sufficiently tight to impede its vertical 
deflections. The lower surfiice of the above-mentioned projection, which 
formed the bearing surface, could be readily adjusted by the file so as to 
insure continuity between the upper edges of the fixed rail and of the trial 
bar respectively at their junction, and thus to avoid the jumping or jerking 
of the wheels of the car : for it is of the utmost importance to the accuracy 
of experiments of this kind that the car should enter upon the trial bajr 
without jolting. A wooden wedge was also dropped between the extremities 
of the rail and trial bar for a similar purpose. 

Beyond the farthest end of the trial ban, a portion of a similar railway 
was laid (as will be presently described), for the purpose of receiving the 
car after it had passed over the bars. Thus the bars formed a part of the 
railway for the time being, and to determine the effect of any required load 
and velocity upon the bars, it was only necessary to load the oar accordingly 
and draw it up to such an altitude of the plane as would correspond to the 
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desired velocity, and, lastly, to release it suddenly. It fhen ran clown the 
plane and passed over the bare with the velocity acquired, deflecting or 
fracturicg them as the case might be. From the nature of this apparatus 
it is necessary to fix a pair of trial bars into the frame, for as the car in its 
passage deflects the bars, it necessarily sinks downwards. If only one trial 
bar were employed, and the corresponding opposite one stiffened by renting 
on a sleeper or otherwise, the car would be thrown laterally over. Some 
inconvenience arises from this necessity for employing two flexible bars at 
once ; but a greater one was occasioned by the fracture of the ban whenever 
that took place, which of course frequently did, since one object of the 
research was to discover the load that would fracture the bars with given 
velocities. But whenever either bar broke, the car, having lost its support, 
rolled head over heels into the yard, and usually some houra were con- 
sumed in repairing the consequent mischief ; also, the fear of such accidents 
made it necessary for the observere to escape to a safe distance before the 
car was released, instead of closely watching the phenomena of its passage. 

In estimating the load upon the trial bars, it must be remembered that 
the weight of the car was equally divided between the two^ and therefore, 
although the car was capable of being loaded to two tons, each trial bar 
could only be exposed to the action of half that weight. 

The vertical height of the top of the railway has been said to be 40 feet 
above the horizontal portion ; but the centre of gravity of the car could not 
of course be raised to the very top ; and deducting also the retarding effect 
of friction, it was found that the greatest actual velocity with which the car 
could be made to pass the trial bars was not greater than 43 feet per second 
(or about 30 miles per hour), a velocity due to a fall from only 30 feet when 
resistances are neglected. 

The actual velocity of the car was measured by Lieutenant Galton in the 
following manner : — a distance of 12 feet 6 inches was marked out on each 
side of the centre of the trial bar (see Plate II., figs. 4, 5, and 6), on enter- 
ing which a roller P, attached to the car, struck a lever Af, which, by meana 
of the link rods M! Jf ', pushed the plate K from under the pencil JD, and 
allowed the latter to come in contact with and trace a line upon the cylinder 
0, which was maintained in equable rotation by an equatorial dock. The 
arrangement of the pencil, cylinder, and guard-plate K^ is shown at large 
in fig. 9. The dock was kindly lent by Dr. Lee, F.R S., of Hart well 
House. When the car had passed to the end of the aaaigned distance, the 
roller P, striking the lever JV, raised the pencil by means of the connecting 
link rod "N'^ the end of which was jointed to an arm hanging from the axis 
to which the pencil carriage was fixed. 

We must now consider the mode of checking the velodty of the car and 
bringing it to rest, after it had passed over the trial bars. For this purpose 
the railway was continued beyond the trial bars, exactly in the same manner 
as in front of them, namely, by a curve and an inclined plane, which is re- 
presented in fig. 1, from Df \o B. In the earlier experiments, the car, 
after passing the trial bare, ran up the second inclined plane, nearly as high 
as the point whence it had been released from the fint. Then it ran down 
again, again passed over the trial bare and up the fint plane, and so back- 
tvards and forwards until its velodty became so far subdued that it could be 
stopped by hand. 

But these repeated journeys, besides wasting time, were found to interfere 
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80 Berionsly with the registering apparatus and the adjustment of the trial 
bais, that a better scheme was carried ont at the suggestion qf Lieutenant 
Galton, which is represented in figs. 4 and 5. 

A second railway was laid parallel to the first on the horizontal portion, 
having its bars respectively about nijue inches distant from those of the first, 
and upon the same level. This railway, about 50 feet in length, was curved 
horizontally to meet the first at its two extremities, and connected to them 
by switches ; the levers and connecting rods of which are shown at JD JD, 
jy jy, figs. 4 and 5. In the position of the apparatus represented in the 
plan, the switches are set in a position which does not disturb the continuity 
of the direct line of the rails. If the switches at each end are shifted to the 
position shown by the dotted lines, the horizontal portion of the direct line 
which contains the trial bars will be completely cut off, and the railway, de- 
scending the inclined plane and curves from each side, will be conducted by 
the switches to the intermediate railway. (It is plain that the two sets of 
switches must be shifted.) The mode of performing an experiment with 
this improvement was as follows : — ^The switches were, in the first instance, 
set in the position of the figure, so as to continue the original direct line of 
rails, and the car, when r^eased, ran down the left*hand inclined plane, and 
having passed over the trial bars, ran up the second plane to the right. 
Immediately the two switch levers were shifted so as to cut off the trial bars, 
and the car, returning, was thus diverted upon the intermediate line upon 
which it travelled backwards and forwards, running up and down the two 
curves and inclines as before, but without repassing the trial bars or de- 
ranging the registering apparatus. 

It remains to describe the apparatus represented in the figures 4, 5, 7, 8, 
by which the effects and results of the experiments were registered. In the 
earlier trials it was only thought necessary to ascertain the central deflection 
of the trial bar, in order to compare its amount as produced statically by 
placing the loaded car at rest upon it, with its amount when obtained 
dynamically by running the same loaded car over it. This deflection was 
simply obtained by a horizontal lever set at right angles to the middle of 
the trial bar, and having one end in contact with its lower surface. The 
other end of the lever carried a pencil, which, when the bar was depressed, 
either statically or dynamically, traced a line upon a piece of paper, the 
length of which line was proportional to the deflection. 

But upon investigating the theory of these experiments I soon perceived 
that the information thus conveyed was wholly inadequate, and that much 
more information was required of the movements imparted to the bar by the 
passing weight. At my suggestion, therefore, the registering apparatus 
represented in the figures was substituted for the simple deflectograph above 
described. The reasoning which led me to the contrivance of this apparatus 
will be fully explained below (see p. 345), and although, as it will appear, 
its construction was not suflSciently delicate to carry out my purposes as 
originally intended, it was employed for the whole of the subsequent series 
of experiments. Five pencils were attached to as many points of the trial 
bar, equidistant from each other and from the ends of the bar. In the 
section, fig. 7, C is a trial bar, and a spring pencil appears beneath it, the 
tube of which is fixed to a damp that can be readily screwed to the lower 
part of the bar so as not to be displaced by the flanges of the car wheels in 
their passage along the upper surface of the bar. 
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A long board, E JB, ib placed in front of and parallel to the bar at a dis- 
tance of about an indb and a quarter. This board, eix inche« in width (or 
rather height), ia arranged as shown by the section, so as to run easily upon 
rollers in the direction of its length* Its inner Tertical surface (or that 
which lies next to the bar) is corered with paper and receives the traces of 
the five pencils ; for, as shown in fig. 6, the board E is sufficiently long to 
be in contact with all the pencils a, 6, c, d, e, at the same time. If the board 
remained at rest during tiie passage of the car, it is plain that each pencil 
would trace a line upon the paper, which would be equal to the deflection of 
the coiiesponding point of the bar to which that pencil was fixed ; and thus, 
instead of recording merely the central deflection of the bar, the apparatus 
would inform us of the deflection of each of the five points of the bar. Let 
us now suppose that a slow eqiukble motion is given to the board, which, aa 
already explained, is mounted on roUws. In this case each pencil will, in 
lieu of a simple vertical line, trace a curve in the form of a loop or irregular 
U, the inflection of which will, when properly analysed, inform us of every 
particular respecting the motion of the bar, as I shall explain ai length 
below. 

However, to do this completely, the board must be maintained in motion 
with a constant velocity such as an equatorial dock or similar contrivance 
alone can effect, and that only when the board and its rollers are so mounted 
as to move witii small and equable friction, a condition which the general 
roughness of the apparatus in question rendered inadmissible. The board, 
therefore, was simply fitted to receive its motion firom the descent of a 
weight at G^ (figs. 4, 6, 8,) fastened to a string, which, passing over three 
pulleys, was thereby conducted into the proper horizontal direction, and aluo 
to the level of the board, to the end of which it was tied. The weight was 
temporarily prevented frx>m descending by a small board placed under it, and 
which was connected to a lever H^ as shown in the figures, in such a manner 
that when the car in its course arrived at this lever, near to the trial bar, it 
struck it aside, and thus drawing the board from beneath the weight, the 
latter began its descent, dragging with it the board. The board thus received 
a travelling motion, of coune considerably accelerated, but which enabled it 
to receive frx>m the pendk curves of the nature of those above describedi 

These curves, although from the irregular motion of the board they were 
inadequate to convey the entire information for which I sought, did yet suf- 
fice to record the simultaneous deflections of each of the five points, and 
were used for this purpose alone. The remaining information I contrived to 
obtain by means of my own, which will presently be described. 

Upwards of four hundred* experiments were made with this apparatus by 
Captain James and Lieutenant Galton, and the results which they obtained 
were equally new and important, developing, for the first time, the fact that 
a given weight passing rapidly along a bar produces a greater deflection in 
that bar during its passage, than it would have done had it been suspended 
at rest from the centre of the bar. 

The three first series of experiments were made upon bars of Blaenavon 
cast iron, nine feet long, of which those of the first series were an inch 

* In this enumeration each jonmey of the carriage is reckoned as one experiment. 
But in the Tables the experiments are arranged in groaps of seren or eight of such 
joumeys, each group being numbered as one experiment, so that the total number of 
experiments appears much leas. 
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broad and two inoheB deep. In the second they were one inoh broad by 
three inches deep, and in the third four inches broad by an inch and a-half 
deep. As these three series were each managed in the same manner, it will 
only be necessary to describe one at length, for which purpose I shall select 
the second series.* In describing the load of the car, it most be remem* 
bered that its actual weight is distribufced upon four wheels, two of which 
rest on each trial bar. Thus, when the weight of the car and its load 
amount to 2240 ibs., each bar is loaded with 1120 ibs. In describing the 
experiments, therefore, the weight mentioned must be understood to be the 
total weight of the loaded car. 

In the first place, a sufficient number of bars having been cast of the 
above-stated dimensions, a pair of them were placed in the chairs, and the 
car haying been set at rest upon their oentre,t was loaded with gradually in- 
creasing weights from 1120 ibs. upwards, until one of the bars broke, the 
deflections and sets having been carefully noted for each accession of weight. 
This preliminary experiment, which was repeated upon three pairs of bars, 
was made for the purpose of testing in the usual manner the actual strength 
of the bars which were to be the subject of the dynamical experiments. It 
was thought better to test in this manner the quiJity of specimens taken at 
random from the actual parcel of bars provided for the dynamical experi- 
ments than to trust to calculated results. 

A pair of bars were, in the next place, selected for a dynamical trial, and 
placed in the chairs. The car was loaded with 1120 lbs. and placed at rest 
in the centre of the bars. The statical deflection was 0*32 inch. The car 
was then drawn up to the point of the inclined plane which corresponded 
to a velocity of 29 feet per second, or 20 miles per hour, and suddenly re- 
leased. The transit over the bars produced a deflection of 0'36 inch. The 
velocity given to the load had thus added one-tenth to the statical deflec- 
tion. The car was then loaded to 1778 lbs., 2348 lbs., 2670 lbs., and so 
on, adding 66 lbs. each time, and always releasing it firom the same point of 
the plane, the deflection meanwhile steadily increasing at each increase of 
weight, untU, with a load of 2999 fi^, it became 2*67 inches. This load 
would, calculating from the statical deflection of the same bar by 1120 fi^s., 
have produced a statical deflection of 1 *30 inch. The velocity, therefore, in 

* See the Tabular Summary below, p. 886, Seoood Series, Experiment No. 7. 
t The defleetions here obseired were not the greatest statioU defleetions that might 
hare been prodnoed with the eame load. For in the case of a beam sapporttng two 
distinct conoentrated loads (for instanoei the pressares of two wheels of the loaded 
carriage upon one of the elastic bars in the experiment) the greatest stress (and therefore 
deflection) is produced when 

I W9 

* " T "" iiW+W) ^*^® ^^^^ ^ uneqnal, or 

X ■» -; — when the weights axe equal ; 

in which expressions 

IF and TT = the wdghts (in the present ease W ^ W) 

X s distance of W from the nearest support giving the point 
of maximum strain 

I = total distance between sapports 

9 » distance between the weights. 
Although the so-called maximum statical deflections were not obserred for this position, 
yet the loaded carriage in traTelling over the bar ooeupied it for an instant, so that' the 
recorded deflections produced dynamically have an undue advantage over those produced 
statically. — ^Bd. Present Edition. 
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thi)) oase more tlian doubled the Btatical deflection dae to the load. The car, 
as already obserFed, was always drawn up to the same point, so that the 
Telocity remained constant in each set of experiments with^a given pair of 
bars, and the load was increased at each successive trial nntil one or both 
bars broke. Iq the set of experiments we are now condderinflr, the next 
load of 3167 lbs. fractured both bars at once. The mean statical breaking 
weight of bars of these dimensions is about 4200 fts. Thus it is shown 
that the motion of the load over the bars increases the deflection, and, as 
would naturally follow, enables a smaller weight to fracture them. When 
higher velocities are given to the car, the above effects are increased. 

A pair of bars received from a load of 1120 lbs. a statical deflection of 
0'27 inch.* When a velocity of 43 feet per second (30 miles per hour) was 
given to the car, the deflection became 0*62 inch ; and with loads of 1778 &>s. 
and 2066 lbs., it reached 1*07 inch and 1*87 inch respectively. The bars 
were fractured with 2122 fts. ; their mean statical breaking weight being 
about 4200 lbs. Calculating the statical deflection due to the above loads, 
it appears that this high velocity enabled 1778 1b^ to effect more than 
double that deflection, and 2066 fi>4. to increase it threefold. 

To estimate the increase of the statical deflection produced by the 
velocity of the load in the above examples, it is necessary, as I have shown 
above, to know the statical deflection due to each load. Now the object of 
the experimenters was simply to ascertain the breaking weight of each pair 
of bars under a given velocity. They, therefore, only tried the statical de- 
flection of each pair with the first load of 1120 lbs. ; for in dealing with 
cast iron, the imperfection of its elasticity and the consequent amount and 
irregularity of the set make it necessary to avoid as much as possible the 
repeated deflections of the bars. On this account they did not ascertain 
the statical deflection for each successive load, but contented themselves, 
after the first trial, with releasing the car from its constant altitude, in- 
creasing the load at each trip until the bars broke. The statical deflection, 
therefore, after the first, can only be calculated by comparing that first 
deflection due to 1120 fts. with the deflections in the preliminary statical 
experiments already described, which were made for this purpose. 

The irregularities introduced by the set of the bars, which our imperfect 
knowledge of that phenomenon makes it impossible for us to remove firom 
the calculations, must prevent this method from being very accurate, but it 
will be found sufficiently exact to enable us to compare roughly the statical 
with the dynamical deflection, considering the other, sources of irregularity 
and error which are inseparable from experiments of this nature, as I shall 
point out below. 

If indeed the whole of the bars could be cast of the same strength, the 
deflection of one bar would correspond so nearly to those of the other that 
no sensible error need be apprehended, but this can never be the oase. 
Compare, for example, the three exiperiments in the second series upon a 
velocity of 16 feet with the three following upon a velocity of 29 feet, and 
it will appear that the statical deflection due to 1120 lbs. in these six 
experiments vary from -29 to *42, although all the bars were cast in the 
same mould. 

But to compare the effects of velocity upon the deflections with more 
accuracy, some experiments were subsequently undertaken upon a different 

* See Second Series, p. 887, Experiment 1#. 
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principle, namely, that in each set the Telocity ahonld be varied, and the 
load remain constant ; thns the statical deflection due to this constant load 
being ascertained at the beginning was applicable without error to the 
whole : these are contained in the sixth and seventh series of experiments.* 

Within the limits employed in the pre nous experiments, the increase of 
velocity had been constantly accompanied by an increase of deflection, but 
it was conceivable that with a very high velocity the load might pass over 
the bar without having time even to fall through the space required for the 
statical deflection, and that thus there must be a limit to the increase of the 
deflection, so that beyond the velocity corresponding to this limit, the 
deflection would diminish. It was clear that this limit would be approached 
more nearly by employing shorter bars, and those as flexible as possible, for 
the purpose of at once dimiuiahing the time of passage, and increasing the 
space through which the load must fall vertically. Bars of wrought iron 
were tried, 4 feet 6 inches in length ; and in order to get rid of the com- 
plication of effect produced by having two wheels pressing on the bar at 
once, the car was elongated, so as to render the distance between its axles 
6 feet 6 inches. 

The load, therefore, still pressed upon each nul with two wheels, but as the 
trial bar was shorter than the distance between these wheels, the travelling 
load could only press upon it in one point at a time, for the front wheel had 
completely passed off the bar before the hind wheel entered upon it. The load 
was laid so as to press much more upon the front than upon the hind wheel, 
and thus the effect of the passage of the latter was insignificant. The 
desired maximum deflection was not, however, reached by these bars, as 
will be seen by referring to the Tables in the Report (pp. 239, 240)^ 
But a pair of steel bars 2 feet 3 inches long, 2 inches broad, and ^ inch 
deep, gave the following results, and exhibited the effects which were 
sought for : — 

Velocity, in feet» per second 15 24 29 84 44 

Central Deflection . . . . 70 1*02 1*82 145 1'80 1*03 

A bar of wrought iron 9 feet long, 1 inch broad, and 3 inches deep, 
with a load of 1778 lbs., gave the following relations between the velocities 
and deflections, in which the latter pass the maximum limit : — 

Velocity, in feet, per seoond 15 29 86, 43 

Central Deflection '29 '88 '50 '62 *46 



ThefoUowing TabUa contain a Summcay of the central defieetUm in the three fret Seriee 
of the Portemouth Exptrimente, ehowing the velocitiee and weighte employed, the 
etatieal d^cLione dne to thoee weighte, the dynamical d^flectione obtained, and the 
ratio between the ttatieal and dynamical dictions in each caee. 

The bars were all 9 feet long between the supports : the first oolnmn in the following 
Tables contains the number oorreeponding to each experiment (or rather set of expert' 
mente) in the detailed Tables given in the Appendix to the Beport^ p. 215. The second 
column gives the weight upon each pair of ban. The third oolnmn contains the statical 
central deflection due to Uie weight. The first deflection in each experiment which 
corresponds to the weight of 1120 lbs. was obtained by trial, the remainder for the 
higher weights, calculated as explained above. The fourth column contains the dyna- 
mical deflections given by the experiment. Finally, the fifth column is the ratio of the 
dynamical to the statical deflection. 

Each experiment was terminated necessarily by one or both ban breaking; This &ct 
is recorded by the word ** broke,** inserted in that part of the Table which belongs to the 
fractured bar. 

* See Table X. below, p. 868. 
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TABLB I.— FiBn Sbrtis. 
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See note, page 331 : 
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FnuR Sbbiis — {Dontiniued). 
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Broke. 






11 


1120 


1-17 


2-54 


2-17 


•75 


204 


2-71 




1176 


1-31 


3-36 


2*56 


•84 


2-65 


315 




1204 


Broke. 


« • • 


• •. 


•89 


3^10 


2-76 


12 


1120 


•96 


2-30 


2-39 


1^18 


2^04 


1-72 




1176 


1-08 


3 03 


2-80 


1-32 


2*68 


2 03 




1204 


Broke. 


• •• 


• •• 


Broke. 








• 


Velocity 88 feet per secon< 


I. 






13 


1120 


•84 


2 02 


2-40 


•78 


1^86 


2^55 




1176 


•94 


2 67 


2 83 


•82 


2-26 


2-76 




1204 


Broke. 


*•• 


• • • 


•87 


2-60 


2*99 


14 


1120 


•81 


1-31 


1^61 


•70 


1-15 


1^64 




1176 


•91 


1-86 


2 05 


•78 


1-50 


1-92 




1204 


•96 


2-44 


2-54 


•S3 


1^91 


2-28 




1232 


100 


3 02 


3 02 


•87 


2-46 


2-83 




1260 


104 


3 65 


3-51 


•90 


2-80 


311 




1288 


Broke. 


• • • 


• • • 


•95 


2*90 


3 05 


15 


1120 


1-80 


3^04 


2*34 


1-12 


2^48 


2-21 




1148 


Broke. 














Velocity 36 feet per seconc 


1. 






16 


1120 


•86 


1-86 


2-16 










1148 


•94 


2-25 


2-88 


Broke. 







* See note, page 331. 
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FiBsi Sbeiu— {eon/tiitt«(2). 
Bars 1 inch broad, 2 inohee deep. 



No. of expe- 
riment. 


Weiglit in 


Left bar. 


Right bar. 


Statical 
deflection. * 


Dynamical 
deflection. 


Ratio. 


BUtical 
deflection.* 


Dynamical 
deflection. 


Ratia 


Yelooiiy S6 feet per seoond. 


17 

18 


1120 
1148 

1176 

1120 
1148 
1176 
1204 


•72 
•76 
Broke. 

•70 

•74 

•78 

Broke. 


1-64 
2*26 

... 

1-50 
210 
2-81 

• • • 


2-28 
2-97 

... 

214 
2-88 
2^76 

• • • 


•70 
•74 
Broke. 

•70 
•74 
•78 
Broke. 


1-50 
2-08 

1-40 
1-78 
2*14 


214 
2-80 

2-00 
2 33 
2-74 



TABLE 11.— Skoosd Sx&ns. 
Bars 1 inch broad, 3 incbes deep. 







Left bar. 




] 


EUghtbar. 




No. of expe- 
riment 


Weight in 
lbs. 












Statical 




Ratio. 


Statical 


Dynamical 


Ratio. 






deflection. 


deflection. 


deflection. 


'deflection. 






Yeludty 15 feet per seoont 


d. 






4 


1120 


•87 


•41 


11 


•89 


•41 


105 




1778 


•69 


•58 


•87 


•73 


•70 


•96 




2348 


1-02 


•97 


•95 


l^OT 


1-00 


•93 




2965 


1-47 


1^65 


1^11 


1-55 


1-46 


•94 




8296 


1-74 


2-35 


1-34 


1-84 


1-95 


1-06 




8352 


1-80 


2-70 


1-5 


1-90 


2 88 


1-25 




8108 


Broke. 












5 


1120 


•38 


•42 


1-10 


•44 


•47 


1-06 




1778 


•71 


•69 


•97 


•82 


•72 


•88 




2348 


1-05 


102 


•97 


1-21 


1-02 


•84 




2955 


1-51 


1-66 


110 


1-74 


1-58 


•91 




3296 


Broke. 


• • • 


• ■ • 


• • » 


1-72 




6 


1120 


•29 


•81 


1-07 


•27 


•36 


1-88 




1778 


•54 


•60 


1-11 


•51 


•60 


118 




2348 


•80 


•83 


104 


•75 


•80 


1-07 




2955 


1-19 


1-60 


1*26 


1-07 


115 


1-07 




3296 


1-37 


1-85 


1-35 


1-28 


1-32 


103 




3408 


1-46 


2-22 


1-52 


1-86 


1-45 


1-06 




34G4 


1-50 


2-65 


1-76 


1-40 


1-56 


111 




3496 


Broke. 


• • • 


.. . 


• • • 


1-82 








Velocity 29 feel 


>per Becon< 


i. 






7 


1120 


•32 


•86 


111 


•32 


•42 


1-81 




1778 


•60 


•76 


1-26 


•60 


•86 


1*48 




2348 


•88 


1-36 


1-62 


•88 


1-84 


1-52 




2670 


1-07 


1-82 


1-70 


1-07 


1-78 


1^66 




2775 


1-14 


2 06 


1-80 


114 


1-88 


1-65 



See note, page 881. 
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Sboond Snns — (continued). 
Ban 1 inch broad, 3 inches deep. 







Left bar. 


] 


Right bar. 




No. of expe- 
riment. 


Weight in 

0)8. 










SttttJcal 


Dynamical 


Batio. 


Statical 


Dynamical 


Batio. 






deflection.* 


deflection. 


deflection.* 


deflection. 


Velooitv 29 feet per second. 


7 


2881 


1-18 


2-16 


1-83 


1-18 


1-91 


1-62 




2887 


1-22 


2-27 


1^86 










2943 


1-26 


2-52 


2^00 










2999 


1-30 


2-67 


2-05 










3167 


Broke. 


... 


•• . 


Broke. 






8 


1120 


•42 


•54 


1-28 


•45 


•64 


1-42 




1778 


•79 


1-19 


1-50 


•14 


109 


1^30 




2348 


1-15 


2 02 


1-75 


1^24 


1-57 


126 




2955 


Broke. 


• • ■ 


t • • 


Broke. 






9 


1120 


•38 


•52 


1^57 


•82 


•42 


181 




V78 


•62 


•88 


142 


•60 


•76 


1-26 




2848 


•91 


1-59 


1-75 


•88 


1-58 


1-80 




2955 


1-31 


2-77 


2 07 


1-27 


2-01 


1-58 




3011 


Broke. 


• • • 


•.• 


Broke. 










Velocity 36 feet per second 


1. 






10 


1120 


•89 


•67 


1-71 










1778 


•73 


112 


1-53 










2348 


107 


2 08 


1^94 










2468 


Broke. 


• • • 


• ■ • 


Broke. 






11 


1120 


•34 


•50 


1-47 


•37 


•58 


166 




1778 


•62 


1-09 


1-75 


•69 


1-08 


1*49 




2348 


•92 


1-90 


2 05 


1-02 


1-78 


178 




2404 


Broke. 












12 


1120 


•49 


•72 


1-47 


•40 


•72 


1-8 




1778 


•93 


1-31 


1-42 


•75 


1-54 


2-05 




2348 


Broke. 


• ■ ■ 


• •• 


Broke. 






. 




Velocity 43 feet per seoonc 


1. 






18 


1120 


•34 


•44 


1^29 


•30 


•46 


1'58 




1778 


•62 


•93 


1-50 


•56 


1^18 


210 




2066 


•76 


1-56 


2*04 


•68 


1-84 


2-67 




2182 


Broke. 


... 


• • • 


Broke. 






14 


1120 


•27 


•52 


1-92 


•SO 


•68 


2-27 




1778 


•51 


107 


2-10 


•56 


1^80 


2-31 




2066 


•61 


1-87 


8 07 


•68 


2 00 


2^94 




2182 


Broke. 


• « • 


••• 


Broke. 






15 


1120 


•24 


•38 


168 


•26 


•50 


192 




1776 


•45 


•86 


1^90 


•50 


102 


2-04 




2066 


'55 


1-30 


2-35 


•59 


1-40 


2-36 




2182 


•60 


1-86 


3-09 


•65 


2 02 


811 




2242 


Broke. 


• • • 


• • • 


Broke. 







See note, page 331. 
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TABLB III.— Thisd Sbmbs. 
Ban 4 inches broad, 1^ inch deep. 



No. of experi- 






Dynamical 




znont. 


Weight in lbs. 


Statical deflection.* 


deflection. 


Batio. 


Velocity 15 feet per aeoond. 


8 


1120 


•43 


•63 


1-46 




1778 


•88 


1-35 


1-64 




2348 


1-27 


2 00 


1-67 




2955 


1-88 


8-78 


2^01 




3191 


217 


4-65 


2-14 




8247 


2-28 


4-85 


2-17 




8803 


Broke. 






4 


1120 


•57 


•78 


136 




1778 


110 


145 


1-32 




2348 


1-71 


2-21 


1-29 




2955 


2-54 


412 


1-62 




8296 


8 04 


4-85 


1-69 






Bight bar broke. 








Telocity 29 feet per second. 






5 


1120 


•74 


1-08 


1-45 




1778 


144 


2 04 


1-42 




2066 


1-82 


2-92 


1-48 




2348 


2-21 


4^14 


1-87 




2670 


Both bars broke 


• 




6 


1120 


•60 


1^01 


1^68 




1778 


116 


217 


1*87 




2348 


1^80 


3-72 


2 06 




2670 


Broke. 








Ye 


locity 36 feet per second. 






7 


1120 


•52 


•95 


1^82 




1778 


1-00 


2-19 


2-19 




2060 


1-26 


3-88 - 


8 •08 




2176 


Broke. 






8 


1120 


•58 


128 


211 




1778 


1-12 


311 


2-78 




2060 


Both bars broke. 






Yelocity 43 feet per second. 


9 


1120 


•68 


1-54 


245 




1778 


Both bars l 


>roke. 




10 


1120 


•50 


1^28 


2-56 




1402 


•69 


2-31 


3-»5 




1522 


•77 


318 


4 13 




1638 


•85 


4^39 


5-14 




• 


Bight bar broke 


■ 





See note, page 331. 
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The mode in which the bars were fractured in the aboTe experiments is 
delineated in Plate IIL It will be seen that the fractnres took plaoe, with 
few ezceptioDB, at pointa beyond the centre of the bar, and that the bars 
were nsaally broken into three, and often into four or five pieces, thus indi- 
cating a great and violent strain towards the end of the transit of the 
load, which will be found in perfect accordance with the theoretical and 
experimental results given in the sucoeediog chapters. It must be observed 
that in aU the examples of the third series, in which broad thin bars are 
used, there is but a siogle fracture, and that always beyond the centre. 

The results which we have passed in review were obtained from hori- 
zontal straight bars. But it was suggested that if the bars were curved, 
or made convex upwards, the increase of deflection produced by the 
velocity of the load would be certainly diminished, and might be entirely 
removed ; for as the efifects in question are analagous to the centrifugal 
action of bodies moving on curves, if the bar were curved into such a form 
that the weight of the load should depress it exactly to the horizontal 
line, passing through its bearing points, then this centrifugal action would 
be completely destroyed. And if this were not exactly effected, the convex 
curvature woald diminish the pressure of the moving load. It was for the 
purpose of following out these views that the ^'Eighth Series of Experi- 
meuts," namely, upon curved bars, which will be found in pages 241 to 
244 of the Parliamentary Report, were undertaken. They show a con- 
siderable reduction in the increment of deflection produced by the velocity of 
the load, but they were not carried far enough to lead to complete results. 

It is very doubtful whether in practice difficulties would not be introduced 
by the attempt to curve the rails, that would counterbalance the diminu- 
tion of deflection. A bad joint or sudden change of direction in the rails 
has a much greater effect in enabling the carriages to shake and strain the 
bridge than the velocity of the load can possibly produce. Now although 
the bridge may be, and indeed generally is, curved or cambered upwards in 
a slight degree, the rails are laid in straight lengths. Thus they form a por- 
tion of a polygon with very obtuse angles, and a carriage travelling with the 
high velocity employed on railways is necessarily at each angle of this polygon, 
that is, at each joint of the rail, projected onwards in the direction of the 
rail it has left, so as to fall, in a small parabola, upon the next rail, Tudth a 
blow that, repeated as it is by the continually passing cairiages, gradually 
serves to deteriorate and disarrange the joints of the railway. This effect is 
very observable, and in the experiments of the Commission upon Ewell 
Bridge I was able to detect it by the jumping of the engine, dec, during the 
passage of the train, while I was stationed beneath the bridge to watch the 
deflectograph. The rails of this bridge are carefully laid with good joints, 
but the rails, as above described, are straight, and the bridge cambered. 

The experiments upon Ewell and Godstoue Bridges, the results of which 
are given below,* were made for the purpose of comparing the startling and 

* EzperimerUt made by the Commi$9umcr» on the EioeU and Qodttone Bridget, 

The apparatus employed in making these Experiments is detailed in Plate IV. 

EioeU Bridge. {Epsom and Croydon Bailway.) 

Span, 48 feet. 

Two girders to sopport each line of rails. 

Depth of girders at centre, 3 feet 6 inches. 

Width of bottom flangp, 20 inches. 

z 2 
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tmezpected results obtained at Portsmouth with some oases of real practice 
in order to discover whether an increase of deflection was to be found in 
actual bridges of the same nature and amount as those which exhibited 
themselves upon the 9-feet bars. It will be seen that in the Ewell Bridge, 
the span of which is 48 feet, the statical deflection produced by the engine 
and tender was only 0'215 inch. This was increased to 0*246 inch by a 
velocity of 64 feet per second, or about 36 miles per hour. A velocity of 
76 feet gave a somewhat less deflection, namely 0*236 inch : — 



Hence, 



yreateat dynftinieal deflection 
statical deflection 



1-14, 



exhibiting an increase of about one-seventh. 

In the case of the Godstone Bridge, the span was 30 feet, the statical 
deflection produced by the engine and tender was 0*19 inch, and the dyna- 
mical deflection due to a velocity of 73 feet per second was ()'26 inch. 



Thickness of do., 3 inches. 

Weight of tvo girden 

Weight of plat&rm between these girden 

Total weight of half the bridge 



Weight of engine 
Weight of tender 

Total 

Velocity In feet 
per second. 

25 
80*9 
S2-8 
. 53-7 
76 



tons. 
20 
10 



80 

25-2 
13*8 

39 



Deflection in dedmaU 
of an inch. 

•216 

*216 

•23 

•225 

•245 

*236 



The deflections do not increase steadily, bnt this conld hardly be expected from the 
many causes of disturbance. 

OodsUme Bridge. {SotUh Ecutem BaUway,) 

Span, 80 feet. 

Three girders snpport the roadway. 

Depth of girders at centre, 3 feet. 

Width of bottom flange, 15 inches. 

Thickness of do., 2^ inches. 

Weight of two girders .... 

Weight of platform between these girders 



Total weight of half the bridge 



Weight of engine 
Weight of tender 

Total 

Velocity In feet 

per second. 



22 

. 40 

78 



tons. 
15 
10 

25 



21 
12 

83 



Deflection In decimak 
of an inch. 
*J9 
•28 
•22 
•25 
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Bhowing an increase of little short of one-thircL 

In experiments of this kind the deflections must be ascertained very care^ 
fiilly, for they are so small that the increase may escape notice altogether 
if roughly measured. Tet it must be remembered that the increase of 
pressure on the bridge produced by the dynamical action is measured by 
the increase of the deflections, however small the deflections themselves 
may be. We therefore selected bridges which were built to carry railways 
over roadsy so that we could erect a temporary scaffold upon the road that 
should be perfectly independent of the flexure of the bridge above, and of 
easy access (Plate lY.) Upon this scaffold was fixed a vertical drawing- 
board to receive the trace of a pencil, clamped to the lower edges of one of 
the girders of the bridge. Thus the pencil during the passage of the engine 
and tender traced a vertical line equal to the deflection. The board was 
constructed so as to admit of being shifted horizontaUy after each deflection 
had been traced, and thus to be ready to receive the trace of the next. 
The pencil was carefully watched during the passage of the load to guard 
against accidental jerks or shifts of the apparatus, which, however, were not 
foimd to happen. 

Table of Velocity, 



Velocity in feet 


Velocity in miles 


Heiffht in feet 
due to Telocity. 


per second. 


per hour. 


10 


6*82 


1-55 


16 


' 10-2 


8-49 


20 


18-6 


6-21 


80 


20-5 


18-97 


40 


27-8 


24-8 


44 


80- 


80 05 


50 


84 1 


88-82 


60 


40-9 


59-00 


70 


47-7 


76-08 


80 


54-5 


99-87 


88 


60- 


120-24 


90 


61-4 


125-77 


100 


68-2 


155-27 



The foregoing Table may be asefal for reference during the reading of this Essay, to 
oompare vdocitiesy measnied in feet and miles respectively. 



On ihe general Natwre of the Problem^ and on the Appa/raJbw employed by 
me at Cambridge to obtain the Trajectory meehcmicaUy, 

Haviko now explained the apparatus employed at Portsmouth, and ihe 
remarkable results which it has produced, it remains to examine the laws 
which connect the phenomena, in order to extend them to larger structures, 
and ascertain the efiects of moving loads upon actual bridges. A few 
simple mechanical considerations will explain the method in which I shall 
proceed to investigate this part of the subject. 

Let J, £, fig. 1, Plate Y., be two fixed props at the same horizontal 
level, upon which an elastio bar, A B, rests. This bar is of equal section 



842 APPENDIX C. 

throughout^ and its weight is supposed to be so small that it may be 
neglected. If a weight, Wf be suspended to any given point, P, of the 
bar, it will depress it, and cause the bar to assume the form of a certain 
curve, A FDEBf of which the equation is known.* The principal pro- 
perties of this curve with which we are at present concerned are as 
follows : — 

1. It is convex downwards throughout. 

2. The greatest curvature is at the point of suspension of the weight, P ; 
and this is the point at which the bar would break if the weight were 
increased sufficiently to produce rupture. 

3. If the weight be suspended from the centre, Q, its point of suspension 
will coincide with the point of the greatest deflection of the bar, and the 
curve will be symmetrical But if the point of suspension be out of the 
centre, as at P in the figure, then it will no longer be the point of 
the greatest deflection. This greatest deflection, or maximum ordinate of the 
curve, will be found at Af, between the point of suspension, P, and the 
centre of the curve, D, but much nearer to the latter. In fact, it can be 
shown that whatever be the horixontal distance of the point of suspension 
from the centre of the bar, the distance of the point M from the centre 
can never be greater than 0*164 of the half length of the bar. 

* The equation to this corre is given bj Navier, ''Application de la M^caniqne k 
TEtabliaaement des Gonstmetions et des Maobines," Paris, 1833, torn. L p. 231, in the 
following form (with a slight modification of the notation) : 

y 



If iV the two props, M A B N the bar loaded with a weight, 2 P, which is suspended 
to a point B^ not in the centre. 

Let if i\r = 2 a, (7 the centre of the har, CD ^z, Bp = x^ mp = y, BJ) (the deflec- 
tion of the point of saspension below the horizontal line) = /, the angle which the 
tangent to the curve of the bar makes at B with the horizon =: w, the deflection which 
the weight 2 P woald produce in the bar if suspended from the centre = S, Then it can 
be shown that for the part of the curve B N we hare 



a + e 



y = 8^- -^ {ia — z,zx + i. a — z.a^ — i .a^\ ; 

the equation to the other part of the curve, B M, will be found bj writing z negative. 
We have also 

a a 

The value of x, which corresponds to the greatest deflection of the curve below the hori- 
zontal line, is given by the equation 

a; = a + «— Vo« + I oz — J«3, 

in which x is measured backwards from B towards M, If the point of suspension he 
gradually shifted nearer to N, this ordinate of greatest deflection will increase its distance 
from the centre of the curve, which distance will be the greatest when B coincides with 
iV, in which case z = o, and we obtain '164 x a fur the distance of the ordinate of 
greatest deflection from the centre of the curve. 
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4. A given weight, fF, suspended to the bar, will prodnoe a greater or 
less amount of dedection in the entire bar, according as its point of suspen- 
sion is nearer to or farther from the centre respeotiyely, and, consequently, 
the greatest deflection of aU when suspended from the centre itself. 

6. The deflection of the point of suspension itself can be shown to vary 
directly as the weight, fF, multiplied by the square of the product of the 
segments into which the point of suspension divides the bar (supposing, 
which IB always the case in the subject under consideration, that the deflec- 
tion is small compared with the length of the bar). The most convenient 
expression for the deflection of the point of suspension is the following. 
Let P be the point of the bar from which the weight, W, is suspended, and 
A N^ as, ^P =: y, be its oo-ordinates ; let a be half the length of the bar, 
or half the distance between the props ; S the deflection which the weigh^ 
Wy would produce in the centre of the bar, if suspended there : then, 
be<»u8e the ordinate, y, is the deflection of the suspending point, P, and this 
ordinate divides the line A B into the segments x and 2 a — x, we have, 
horn, what has been above stated, 

i8f:y::o<:a;3 (2 «-«)«; /. y = -^ (2 o a? - ««)». 

Having laid down these principles, which are derived from writers on the 
strength of materials, let us suppose the point of suspension of the given 
weight, 7F, to be shifted in succession to a series of points along the length 
of the bar, lying pretty dose together. If a board covered with paper be 
fixed behind the bar, so as just to leave space for freedom of motion in the 
latter, and if these successive points of suspension be marked upon the 
paper, we shall obtain a dotted line, AFQEB, as shown in the figure, 
which is the locus of the points of suspension ; and of course, if the suc- 
cessive points be taken in sufficient number to lie very dose together, we 
obtain a continuous curve for this locu». It is easy to see that the expres- 
sion obtained above for the amount of deflection produced at the suspending 
point by a given weight, namely, 

y ^ —^ {2 ax — fl^)^, is, in &e^ the equation to this locus. 

It is better, perhaps, to conceive the weight to be a small heavy cylin- 
drical body resting on the upper flat surface of the bar, and capable of 
rolling along it, instead of being suspended by a hook, as the former hypo- 
thesis approaches nearer to the actual problem which we have to solve, 
namely, the travelling of a carriage along a bridge. It will thus be 
perceived that the dotted curve is the path, or trajectaryy which the centre 
of this hodj describes in space during a very slow and gradual passage along 
the bar, or, rather, a shifting motion from one end to the other, point by 
point. This form of the trajectory only corresponds to the very slowest 
continued motion of the body along the bar. Always supposing the body 
to travel with a uniform motion from one end to the other, the slightest 
increase of its velocity produces a change in the form of the trajectory, 
which change is greats as greater velocities are taken. The exact nature 
and amount of this change under different circumstances will be shown 
below, as well as the methods by which it was determined, but the general 
effect is, that the curve is no longer symmetrical to the centre ; the greatest 
depression of this curve being thrown into the second half of it, while the 
first half is less depressed than with the slow motion. The dotted curve, 
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A FQHB^ above described, is the form of the trajectory, which i& the limit 
to all these forms, and corresponds to the very slowest motion, or, rather, 
to the shifting motion of the weight, in which the system is in statical 
equilibrium at each successive position of the load. On the other hand, the 
dotted curve, A GHKL, b one of the forms which the trajectory assumes 
when velocity is imparted to the body. To distinguish the first form of the 
trajectory from the others, I shall term it the equilibrium trajectory. The 
object of the investigation which follows is to examine the form and propor- 
tion of these trajectories in general, under difierent relations between the 
elasticity, dimensions, and weight of the bar, and the magnitude and velo- 
city of the load ; first describing the experimental inquiry, and next pro- 
ceeding to the theoretical principles by which the laws of the phenomena 
and the modus operandi of the forces which are called into action may be 
developed. 

It must be carefully observed that the equilibrium trajectory is a totally 
different curve from the curve into which the bar is bent at every different 
position of the weight. In fact, the two curves only coincide at two points, 
namely, that at which the weight is suspended, and a point at the opposite 
end. These two points of intersection merge into one, and become a point 
of contingence at the instant the body passes the centre.* Thus the poiut 
at which the equilibrium trajectory touches the curve of the bar corresponds 
to the greatest deflection of the bar. 

When we know the form of the trajectory under any of its phases, 
whether as the equilibrium curve or as the curve corresponding to any 
given velocity, we can also find the form of the bar at any moment ; for 
the bars are so stiff and the deflections are so small, that we may assume 
the bar at every instant of the passage of the load to be bent into the same 
curve which it would assume if the point of application of the load were 
pressed down statically to the same position, t 

Thus, in fig. 2, Plate Y,^ let A E he the fixed points upon which the bar 
is supported, and let the dotted curve ul 6, c, d^/^ be the trajectory which 
the body describes in its passage along the bar with considerable velocity. 
Draw through the points Ab^E the curve ^ b, <^ ^s ^y ^ito which the bar 
would be bent, if a sufficient weight were suspended at 62, to depress tbe 
bar to that point. This curve may be supposed to be the form into which 
the bar is actually thrown at the instant of the body's passage over the 
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It may be Ttseful to mention that from the equation of the eqnillbrinm cnrve (2), it 
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can be shown easily that its radios of enrratnre at each extremity A, B = --—- (measored 
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downwards). Its central radius of curvature (measured upwards) is r-— or twice 

the former. The latter, supposing the deflection small, is half the radius of a circle drawn 
through the extremities of the bar and its central depressed point. The two values of x, 

which correspond to the two points of contrary flexure, are^ a + =- , and the corre- 

Vs 
spending value of the ordinates is | S. 

f This would not be the case if the bar were exceedingly slender, and may perhaps 
not be strictly true even in some of the experiments given aboye. 1 have shown below 
how this point may be examined, but I do not believe that any sensible error has been 
introduced into the result by the above assumption. 
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point &2 of the trajectory.* Similarly^ when the body passes over the 
central line at c^ the momentary form of the bar will be obtained by 
drawing through the points Ac^E the proper curve ^ 6, Cj d, J^ ; and when 
the body has arrived at d^ the form of the bar will be A \ c^ d^ E, This 
diagram may serve to illustrate the general nature of the action that takes 
place in all the experiments in question, and to show how completely 
different the curve of the trajectory is from the curves into which the bar is 
bent. 

In the equilibrium curve the greatest deflection corresponds to the 
greatest deflection of the bar, and happens at the centre of the bar, where 
the two curves have a common tangent. But the above figure shows that 
this is not the case in the other phases of the trajectory. The point of 
greatest deflection of the trajectory lies a little beyond d^. The point 
where the body produces the greatest central deflection of the bar will be 
found beyond d^, by drawing through A E a curve of the bar that will 
touch the trajectory. The entire bar will thus be evidently a little more 
depressed than the lowest curve shown in the figure. 

The operation of the registering apparatus (see p. 330) will now be more 
clearly understood. Five pencils were in reality attached to the bar, but, 
for simplicity sake, we will suppose only three to have been employed, and 
fixed to the bar at equal distances, from the ends and from each other 
respectively, at the points JB C X>, fig. 2. 1£ these pencils were to trace 
their lines upon a fixed board, we should merely obtain for each a line that 
would give the greatest deflection that each point of the bar had attained, 
but no information with respect to the position of the body at which this 
greatest deflection was given, or with respect to the trajectory of the body. 

In fig. 3, Plate V., the curves of the trajectory and bar are drawn in 
exact correspondence with fig. 2. The board, placed behind the bar, is 
supposed to receive a small constant horizontal motion, such that during 
the passage of the body from Aio E the board shall travel through a space 
equal to the distance from 1 to 6 in the groups of parallel lines shown in 
the figure opposite to each of the points A^ JS, 0, i>, and E. 

Thus, at the beginning of the motion, the point Ai was opposite that end 
of the bar, and the points By Ci Di were similarly opposite to the respective 
pencils with which the bar is furnished. When the body reaches B, the 
motion of the board brings all the points marked 2 opposite their respective 
pencils, and when it has reached 0, all the points marked 3 will be opposite 
their respective pencils, and so on. The lines at E similarly show the 
points of the drawing board that are brought opposite to that extremity of 
the bar by the motion. The vertical lines £ &2 ^ ^o ^ <^ ^ ^49 -^ ^a ^3 ^i* 
shown in fig. 2, are thus, by the motion of the board, opened out into the 
curves designated in fig. 3 by the same letters respectively ; and these 
curves furnish as many points through which to draw, not only the trajec- 
tory, but the curves of the bar. 

When the body had arrived at A^ the bar was horizontal, and its figure, 
therefore, passes through the points AiBiCi A Ei, When the body comes 
to jB, every line headed 2 has come opposite to the respective points of the 

* The oarre of the bar may be drawn by points from its equation, bnt more simply by 
means of a slender stsaight steel rod restmg on two pins driven into the drawing-board at 
the ends of the curve of the trajectory, and depressed by hand to any desired point of the 
latter. 
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bar, and the intezBeetions of the pencil corves with these lines taken in 
order, namely, the points 6, c^ d^ are points through which the bar most at 
that instant pass. Similarly, tbe points jis 6, c,clj J?, serve to draw the 
form of the bar when the body passes the centre, and Ai\c^ d^ E^ is the 
curve of the bar when the body passes beneath the point 2). 

Points in the trajectory, on the other hand, are obtained by taking lines 
from the groups, each headed with a successive number ; thus the lines 
AiB^Ci 2>4 E^ wUl, by their intersections with the pencil curves, give the 
points required. For when the body was 9X A^ A was opposite to that 
point of the bar, and is, therafore, a point in the trajectory. When the 
body reached jB, the line 2 on the board was broui^ht opposite to it, and 
thus 6, is the next point in the trajectory, and so on.* 

To insure the proper working of this oontrivanoe it is necessary that it 
should be made with great delicacy and care. A perfectly equable travelling 
motion ought to be given to the drawing-board by clockwork, or rather the 
pencils should be so arranged as to trace their curves upon the surface of a 
cylinder, which is perfectly practicable, although I have preferred describing 
the mechanism as applied to a travelling-board, on account of its greater 
simplicity. The board is objectionable, because its length, necessarily 
limited, compels it to be set in motion as soon as possible before the car is 
started, else it may arrive at the end of its course before the car has com* 
pleted its jonmey over the bar. This increases the difficulty of giving it an 
equable velocity. A cylinder, on the other hand, may continue revolving 
as long as may be necessary, f 

It will easily be seen that, however irregular the motion of the board 
may be, a true form of the bar will be always obtained from the group of 
pencil curves, by taking a series of points at the same respective distanees 
from each other as the pencils. By means of these curves, therefore, we 
may, without reference to the velocity of the board, determine from each 
experiment not only the maTimnm deflection that has been given to every 



* It will, of coarse, be seen that the length of the tnjeetory thus obtsined is greater 
than the length of the har, bj a quantity equal to the spsoe 1-5, described npon the 
board. But this elongation is of no conseqnenoe, beoante it does not destroy the propor- 
tion between the absciaBSB and ordinates of the curve, the velocity of the board b^g 
constant. The curTcs of the bar obtuaed in this manner are its real carves, and may 
serve to try whether the form of the bar is really sensibly different from its statical 
cunratare. But tbe apparatas in question should only be employed when the experi- 
ments are conducted on a tolerably large scale with great loads, because tbe friction and 
inertia of its parts may seriously interfere with the motion of bar and load when the 
latter is small. Hence I have not introduced it into my smaller apparatus. 

i* The paper cylinder should be fixed below the bar with its axis parallel to it Bach 
pencil to be attached to the vertical arm of a risht-angled bell-crank lever also mounted 
below tbe bar upon a horisontal axis at right angles to the direction of the bar, the hori- 
zontal arm of the same lever to be connected with the bar above by means of a link rod, 
jointed to the arm at its lower extremity and to the bar at its npper extremity. Its 
oonnection with the bar to be made by forming the link into a branch embracing the 
bar, each arm of which has a pointed centre-screw, which enters a small hole pnnched in 
tbe side of the bar (see fig. 8, Plate VI.). Thus, when the bar descends, a horisontal 
motion will be given to tbe pencil ; and as the bar, the pencils, arms, and links, and the 
axis of tbe cylinder, lie in one vortical plane, the same revolving cylinder will receive ail 
the curves. But the apparatus must be carefully constructed, so as to be as light and as 
free from friction as possible. The pencils should be fixed in small swing frames, and 
the whole mechanism be protected by a shield between itself and the bar, to avoid ii^ury 
when the bar breaka 
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one of the five points in guooeBsiony but also the contemporaneooB deflection 
of the remaining points. 

Thus in fig. 3 the maximum deflection in the central pencil carve is 
shown to have taken place between the lines 4 and 5, that is, when the 
travelling load has reached a point beyond the centre between D and B ; 
and if we take a point upon each curve at the same distance between their 
respective lines 4 and 6^ we shall obtain the deflections at each point 
respectively that accompanied the maximum deflection at the centre, or, in 
other words, the form of the bar at that instant. Similarly we might 
obtain the maximum deflection at B, and the contemporaneous deflections at 
the other points, and so on for all. 

But the form of the irajtctory of the body can only be determined from 
such curves when the board moves uniformly, or at least when its motion is 
perfectly known, and the times of the body passing the several points of the 
bar registered upon it. As this wha found impracticable with the Ports- 
mouth apparatus, from the roughness of the mechanism, and a better mode 
had presented itself for obtaining the trajectory, the apparatus in question 
was confined to obtaining the maximum deflection, as above explained. 

After all, however, the method of registering the trajectory by five points 
is evidently insuflicient, and for the perfect knowledge of the eflects I soon 
found it necessary that the entire course of the curve should be recorded. 
This may be efieoted by causing a pencil attached to the centre of the car 
to trace a line upon a drawing-board fixed parallel to its course. But this 
simple expedient can only succeed when the oar moves with great steadi- 
ness — a condition which the nature of the Portsmouth apparatus placed 
wholly out of the question* 

The theoretical investigation of the problem is replete with difficulty, and 
its complete solution appears beyond the bounds of analysis. A limited 
solution can only be obtained by reducing the conditions to their Rimplest 
form, namely, by supposing the weight of the bar to be so small, compared 
with that of the load, that its mass may be wholly neglected ; by con- 
sidering the load as resting on the bar at one point only, and its mass to be 
concentrated in that point ; and lastly, by supposing the deflection to be 
small compared with the length, which latter condition is true in practice. 
With these limitations not only can the form of the trajectory be obtained 
theoretically, but, as we shall see, other laws can be deduced which com- 
pletely enable us to group the experimental phenomena and extend them to 
practical cases. 

But for this purpose an apparatus must be so arranged as to approach, as 
nearly as possible, to the simple conditions upon which the theory is based, 
in order the better to compare their respective results. 

The simplest considerations serve to show that, provided the due propor- 
tions be maintained between the loads, velocities, and stiffness of the bar, 
the curves of the trajectory and bar respectively will be the same, whether 
small weights running on light bars be employed or heavy loads travelling 
upon massive bars. But in the former case the experiments may be made 
with an apparatus capable of construction with any required degree of deli- 
cacy and accuracy, with small friction, easily manageable and capable of 
- being contained in an ordinary laboratory ; and in the latter case the great 
loads and heavy bars are necessarily accompanied with unsteadiness of 
motion and great friction, and a general magnitude and roughness, which 
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makes it necessary to employ several workmea and much time in each 
experiment, and to require the< resources and space of a Government 
dockyard. 

The radical defect of the Portsmouth apparatus, for the purpose we are 
now seeking, proved to be the employment of a car resting with four 
wheels upon two trial bars at once. In the first place the load presses with 
two wheels upon each bar, the bar being 9 feet long and the wheels (or 
rather axles) 2 feet 10 inches apart ; it therefore results that when the car 
first enters upon the bar, the pressure of the fore wheel only acts upon the 
latter. When the car has advanced through a space equal to the distance 
between the axles, the pressure of the hind wheel also begins to act, and 
now the bar is subjected to the action of two loads pressing at a constant 
distance £rom each other, and this continues until the fore wheel reaches 
the end of the bar, which is then subjected to the pressure of the hind 
wheel alone. Thus a complex form of trajectory is obtained which cannot 
be compared with the theoretical results, and which, after all, is not much 
nearer to the practical efiect of a four-wheel carriage upon a bridge than a 
load pressing on a single point would be, because the distance between the 
wheels is so much greater in proportion to the length of the bridge than in 
the real case. Again, great difficulties are introduced by the simultaneous 
employment of two bars. Whatever care may be taken in selecting bars, 
it is next to impossible to find a pair of exactly equal strength, or, if found, 
to arrange the load on the carriage so that it shall press equally upon both 
bars and upon both hind and fore wheels. Hence an inevitable inequality 
in the simultaneous deflections of the bars, which, as the centre of gravity 
of the load is high, throws greater weight upon one side than on the other 
during the passage of the oar. This, besides disturbing the results, tends 
to induce lateral oscillations that increase unduly the deflections on either 
side, and produce anomalies in the general effects. It was this lateral shake 
which prevented the trajectory from being traced by the continuous motion 
of a penciL The principal excellence of the Portsmouth experiments consists 
in the determination of the effect of velocity upon the breaking weights on 
a large scale, for which purpose they will be found to give a most valuable 
and novel collection of facts. 

For the purpose of obtaining the trajectory experimentally, I found it 
necessary to contrive and construct an apparatus in which the required con- 
ditions of simplicity should be complied with. The principles of this appa* 
ratus I had indeed suggested from the beginning, and was desirous of 
introducing into the larger machine, but it was thought advisable that the 
latter should be made to resemble the case of a car running on a bridge as 
much as possible, in order to insure the confidence of practical engineers in 
the results that might be obtained. 

As the purpose of this small apparatus was to determine the trajectory 
without reference to the fracture of the bars, the material I selected was 
naturally steel, as being the most elastic and free from set. Thus the same 
bar could be used for many experiments, which greatly facilitates their 
comparison. Experiments upon cast iron are always embarrassed by the 
accumidation of set and the occasional fracture of the bars. The machine 
was therefore arranged to operate upon steel bars of 4 feet or less in length, 
and of such a stiffness as would require a weight not greater than 6 Bis. to 
produce a sufficient deflection. 
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A siDgle trial bar was employed ^ and the weight pressed upon that bar at 
one point only. The arrangement by which these conditions were carried 
out consists of a carriage, which runs on four wheels, upon a kind of 
railway. The carriage supports a horizontal swing frame, one end of which 
is hinged to it ; the other end has a roller, which rests on the bar, and is 
also capable of being loaded at pleasure, so as to press more or less upon 
the bar. The trial bar, in fact, forms the continuation of an intermediate 
rail which lies between the two rails that support the wheels of the car- 
riage. Thus the only purport of the carriage is to give steadiness to the 
weight, and confine its motion to a vertical plane. The weight presses 
with perfect freedom upon the bar, deflecting it during its passage, while 
the carriage runs steadily along the horizontal rails between w&ich the bar 
is fixed. A pencil, attached to the swing frame, rises and falls propor- 
tionally to the deflection, and traces the curve of the trajectory upon a 
vertical drawing-board, which is fixed parallel to the trial bar, and opposite 
to it. 

This apparatus is figured in Plate VI., and I will now proceed to describe 
its details. 

Figs. 1 and 2 show the plan and elevation of the railway, and its incHned 
plane. 

Figs. 3 and 4 show, on a larger scale, the central part of the railway at 
the place where the trial bar b fixed, and also the carriage, tracing-point, 
drawing-board, Aa, in detail. 

Figs. 6 to 8 exhibit lesser details of the mechanism. 

The frame (A Ay figs. 3 and 4) of the carriage is a simple rectangle, 
formed of two longitudinal bars, connected by bolts which pass through 
two transverse bars. The four wheels of the carriage are fixed to their 
axles in the manner of railway carriages, but the two axles run between 
pointed steel centre-screws, to reduce the friction to the least possible. 
These screws are seen at 2) 2) D 2), ^g, 3. The wheels have their flanges 
turned outwards, contrary to the usual mode. This enables the carriage to 
run upon a single plank of the proper breadth, and having its edges slightly 
rounded. The flanges are also thus kept out of the way of other portions 
of the mechanism in those parts of the fixed frame in which parallel bars 
are substituted for the plank. 

The swing frame is made of thin plate iron, with cross braces, arranged 
BO as to give it as much stiffness and lightness as possible. Its axis, B B, 
is mounted between centre-screws, E E^ and at the other end it carries a 
roller, Gy which rests upon the trial bar. Leaden weights, JJ, can be fixed 
in any number to this end of the swing frame, by means of a thumb-screw ; 
and a small stage, the end of which is seen in fig. 4, is provided to support 
them. 

In ^g. 4, the trial bar, IKy is shown, and the carriage is represented in 
the act of passing over it. The wheels of the carriage run upon the side 
rails of the fixed frume, or tramway. The swing frame, however, is sus- 
tained at the front end by the carriage, and at the hinder or heavy end it 
rests upon the trial bar, by means of the roller, and depresses it during its 
passage. 

The weights being fixed between the roller and the axis of the swing 
frame, produce less pressure on the bar than their actual weight. This 
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pressure, however, can be accurately measured by a spring dynamometer, 
applied to the axis of the roller. 

The axis of the swing frame is placed as low as it can be, without 
touching the frame and trial bar in its passage. The centre of the roller, 
therafore, describes in its short motion an arc of a circle, which differs but 
little from a vertical line with respect to the frame of the carriage ; for the 
radius of the swing frame is 20 inches, and the total vertical motion for the 
roller never greater than 2 inches. 

The general arrangement of the tramway is shown in figs. 1 and 2. A 
plank, JP, set at an angle of 45^ with the horizon, rests at the upper end, 
0, against the wall of the room, and at the lower end, P, upon a triple 
frame, FQRS. The two outer portions of this frame are exactly similar. 
The upper edge of each, from P to Q, is straight, and inclined in continua- 
tion of the plank ; and from i2 to ;9 is straight and horizontal The edge 
from Q to i2 is an arc of a circle of 7 feet radius, which touches the inclined 
edge at one extremity and the horizontal edge at the other, so as to connect 
the inclined line with the horizontaL 

The frames are set at such a distance from each other as will allow the 
carriage-wheels to run upon their upper edges, like a railway, with as little 
lateral shake as possible ; and the plank is carefully made of the same 
breadth. Thus if the carriage be set upon the plank, and released, it will 
run down it, and be conducted by means of the curved portion upon the 
horizontal rails. 

The roller of the swing fr«me at first simply rests upon the plank ; but 
when it passes beyond the lower end of the plank, a support for it is 
supplied by the intermediate frame, P J, seen in the plan, fig. 1. This 
frame has a similar straight edge, P-Q, and a curve, Q i2, to the outer 
frames between which it is fixed. But as the trial bar I K \a higher than 
the edges of the tramway, for the convenience of better access to it, the 
curve QR lA arranged to conduct the inclined part to this higher level ; 
and accordingly, in the elevation, fig. 2, the intermediate curve is seen 
rising above the lateral curves, and thus ending below with a horizontal 
tangent, R J, higher by an inch and a half than the lateral rails. 

The lateral ndls, as already explained, are continued as far as iSf ; but the 
middle rail is cut off at J, and the brass chair, or contrivance for holding 
the trial bar, is fixed to the end of it. 

The trial bar, I £, thus forms the continuation of the middle rail : and 
the loaded roller of the swing frame thus runs from the middle rail to 
the trial bar. At the far end, £, of the trial bar, a second chair is attached 
to a rail, K Ny which receives the roller after it has paused over the trial 
bar. To adapt the apparatus to receive bars of different lengths, this 
latter rail can be shifted in position. Its extremity, K^ terodnates in a 
flat square piece, which is rebated beneath, so as to rest upon and lie 
between the upper inner edges of the side rails. A similar piece of wood, 
Y, is rebated to slide between the lower inner edges of the side rails ; and 
a bolt and thumb-screw, passing through the whole, serves to fir the end, 
Ky of the shifting rail, at any distance from the other rail, J, that will 
suit the bar in question. The shifting rail is sloped gradually down- 
wards from f to JY, so that the roller of the swing frame gradually sinks 
downwards in its passage until it is caught by a stop in the carriage", after 



WEIGHTS MOVING OVER ELASTIC BARS. 351 

which the middle rail is no longer required to snstaiii it. Z is a hook-bolt, 
-which serves to fix the middle of the shifting rail 

When the carriage has passed off the trial bar, it is necessary to check 
its motion and bring it to rest. To effect this, two boards, T F, T F, 
are fixed in continuation of the tramway. These boards are fixed at a 
greater interval than the tramway, and are also slightly inclined up- 
wards, and divergent. Their interval is adjusted so that the side bars 
of the oania^e may rest upon them, as shown by the carriage in the 
figure. 

When the fore wheels of the carriage have nearly reached the point T, 
the lower surfaces of its frame touch the slightly inclined edges of the 
boards T F, between T and 8, Thus the frame is gently Ufted, so as to 
raise the wheels from the railway ; and as the carriage proceeds it is 
converted into a sledge, of which the boards T V form the sledgeway. 
But as the friction of the sledge is by no means sufficient to stop the 
carriage, four springs (marked check'tpriagi in figs. 4 and 6, and also shown 
in the small figures of the carriage at each end of the figs. 1 and 2) are 
screwed to its sides. These spriugs stand completely free so loug as the 
carriage runs on the railway ; but immediately after the carriage has 
become shifted to the sledgeway, the springs begin to press upon the 
sides of the latter, which are, as the plan shows, divergent ; and the 
divergency is greater at the beginning, T, because the boards are planed 
to a thin edge to increase it. Thus the pressure of the springs gradually 
increases as the carriage proceeds along the sledgeway. Tbey are made of 
sufficient strength to stop the carriage before it reaches F, when it is released 
from the top of the inclined plane. 

The whole of the frame above described is fixed together by bolts, which 
pass through the legs, the side frames, and intermediate blocks, so as to 
allow the whole to be readily taken to pieces, or remounted at pleasure. 
At W^ a transverse frame, consisting of a horizontal piece below, with two 
legs, and with a sloping brace rising to the height of the vertical rail, to 
which it is bolted, serves to give lateral support to the whole machine. 

The side rails are divided at the leg near J. This reduces the size of the 
parts of the frame, and also allows longer rails to be substituted from I 
to iS, when longer trial bars are required.* The machine represented in 
the drawings will not receive bars longer than 4 feet. For the purpose 
of conveniently raising the carriage, and releasing it, a pully, 0, is fixed 
to the upper end of the plank. The cord which passes over this is 
attached to a small sledge, a, figs. 1 and 2, upon which is fixed a latch 
and detent. The latch is adapted to receive a hooked pin (n, figs. 3 and 

* The frame is fiirther secared to the floor by a bolt near W, the nat of which bears 
upon a sbort traDsverse piece laid upon the horizontal rails, dose to the nprigbt post. 
This is neoesiary, to enable it to sustain the plank, which plank is also prevented from 
sagging by a brace, as shown. But nearly the whole of the phenomena of the experi- 
ments may be sufficiently shown by a less Telocity than that acquired from the top of the 
plank, namely, 80 feet per second. About 20 feet per second will be found amply suffi- 
cient for repeating these experiments, if desired, and a plane extending about 4 feet above 
P will thereftve be enough. The oonstmction of the inclined part of the framework may 
thus be simplified by making the stiaigfat portion down to Q of the plank form, and sus- 
taining the whole on its legs, without employing the heavy plank resting against the wall. 
In exhibiting the experiments to an audience, it is convenient to connect the centre of the 
bar with an index, contrived so as to magnify its deflection four or five times ; thus the 
increase of deflection produoed by velocity is shown very clearly. 
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4), fixed to the end of the carriage ; and when the detent is in the position 
shown ia fig. 1, the carriage is thus united to the sledge, and can be drawn 
np with it to any desired idtitude of the plane by means of the cord, and 
secured there. But the string, &, fig. 2, passes over the pulley, c, fixed to 
the little sledge, and is tied to the detent. Pulling this string, therefore, 
the detent is shifted, and the latch releases the carriage, which then runs 
down the inclined plane, and passes over the trial bar. 

Fig. 6 represents the mode in which that end of the trial bar which first 
receives the action of the roller is fixed. 

The extremity of the intermediate rail bar of the frame is cut Tertically 
from a to c, and has a horizontal step, c d, 

e / is a piece of metal or chair, which is secured against the yertical face, 
6 a c, by means of a screw-bolt, <jr, the nut h, of which is inserted into a 
mortise in the rail. The screw passes through a mortise in the metal piece, 
and the latter is kept in a vertical position by a shallow grooved recess, 
sunk in the vertical face, a & c, of the raiL Thus the chair admits of a 
vertical adjustment of its position. A capstan-headed screw is tapped into 
its lower extnemity, and the head of this screw rests upon the step, (2, 
which has been already mentioned. By slightly releaaiug the screw g, and 
turning the capstan head to right or left, the vertical adjustment is made at 
pleasure. 

The upper end, e, of the metal chair has a square notch cut in it, and a 
steel centre-screw on each side. The points of these screws are received 
into corresponding centre-punch holes at the end of the trial bar, which is 
thus held in a manner that admits of free vertical deflection of the bar. 

It is essential that the roller, as it first comes upon the bar, should 
meet with no inequality of level that would either jerk it upwards or let it 
drop and rebound from the bar. 

To efiect the smooth entrance required, the vertical adjustment just 
described is provided, and it will be seen in the figure that the end of the 
bar also projects into a sunk recess formed upon the upper face of the 
raiL When the vertical adjustment is properly made, the upper face 
of the rail and the upper surface of the bar are made to coincide in 
level, and as the roller is suflSciently broad to run upon the sides of the 
above-mentioned recess, it is thus gradually brought upon the bar, the 
extreme end of which is slightly lowered by the file, to facilitate this 
action. 

This chair, beiug attached by the single bolt, g, can be readily removed 
from the frame, to substitute others of different forms, if required for 
differently shaped bars. 

The far extremity, K, of the bar Lb supported by the oontrivanoe shown 
in fig. 6, which represents the end, K^ of the shifting rail. When the 
roller has passed completely over the bar, there is no necessity to pro- 
vide for its level exit, as for its level entrance, for the work has been com- 
pleted at this point. All that is wanted is to support it beneath in 
such a manner as will allow it to slide out a little, because when it is 
bent by the deflection of the weight the end of it is necessarily slightly 
drawn out of its recess in this fiarthest chair. The first chair grasps its 
end of the bar by centre-points, as we have seen, so as to prevent this 
drawing action at the beginning, where it would be mischievous, and it 
is so small at the other end that it lb not worth while to provide a 
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ftiction-roller or suoh oontriyanoe. The farthest end of the bar is there- 
fore allowed to rest in a grooved piece of metal, a a b, the groove of 
which is made rather wider than the widest bar employed, and a pair 
of blnni-ended screwiy c c, serve to keep the bar steady laterally, being 
screwed up so as just to touch without pinching it. We shall presently 
see that the action of the weight tends to make the bar fly upwards 
when it reaches the end of its course. To keep it in its groove, there- 
fore, a steel stirrup, d e, is provided ; this is adjusted so as just not to 
touch the top of the bar, and the bar itself is filed into such a curve on 
its upper side as will enable it to escape contact with this stirrup during its 
deflection. The diagram, fig. 7, will explain this, in which a & is the 
bottom of the groove, e the section of the stirrup, d h a the end of the bar, 
the upper face of which is filed into a curve, as shown. The dotted line 
shows the position, greatly exaggerated, into which this end is thrown by 
the sliding motion which accompanies its deflection ; and also shows how 
the curve enables it to escape the stirrup. 

In figs. 4 and 5 a wedge-shaped piece Z, is shown attached to the end 
of the shifting rail This is for the purpose of receiving the roller of 
the swing frame, if the bar should break. In this case the swing fnme 
would drop downwards until it rested upon its stage in the carriage, and 
its roller would meet the wedge, Z, and be conducted to the upper face 
of the shifting rail, and thus prevented from stopping the carriage suddenly 
or throwing it otL 

The board which receives the trace of the trajectoiy is shown at Z Af, 
in figs. 1, 2, 3, 4. It is sustained upon two iron pillars, screwed below 
to the side rails, and above to the back of the board, lliese pillars are 
curved outwards, so as to escape the heads of the centre-screws of the 
carriage, which would otherwise strike them in their passage. The board 
is thinned away at each end, as the plan, fig. 3, shows. Thus the front 
pencil, which is carried by the swing frame, encounters a gently-sloping 
surface at its first contact with the paper, and is also gradually released 
as it quits the paper. To fix the paper, its extremity must be first 
grasped in the wooden clamp at If, then stretched tightly along the sur* 
face of the board, and doubled over the end, L ; a small iron clamp may 
then be applied, and will be found sufficient to hold it. It is better to 
apply a third damp at the middle, to prevent it from sagging. The 
best paper that I have tried is that which is prepared by Messrs. Har- 
wood, of Fenchurch-streei This will receive the trace of a pointed brass 
wire. It can be had in any length required, and should be mounted 
upon oslioo. The softness of the oslico enables the pencil to act better 
during its rapid motion, and also allows the paper to be stretched tighter 
without fear of tearing. 

The swing frame has a piece, h, figs. 3 and 4, attached to its side, as 
near to the roller as the wheel will allow. The pencil is clamped in a 
socket at the top of a small triangular swing frame, h k^ which revolves 
upon centre-points, tapped into its lower extremities, and resting in holes 
punched in the sides of the piece, h, as shown. This piece, A, is horizontal 
in the part shown in the plan, fig. 3, but is turned vertically upwards to 
receive these centre-screws, as seen in fig. 4. It carries also an upright 
post, i, to which is screwed a wire fork, upon whose branches is strained 
a ring of vulcanized caoutchouc, m in, which is thus stretched into the form 

A A 
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of a double homontal elastic strap, against which the pencil firame is pressed. 
A silk string fastened to this firune is woand round a fiddle peg, turning 
with stiff friction in a hole at the top of the post, i ; by turning this 
peg to the light or lefb^ the string is tightened or relaxed, and the swing 
frame pressed more or less against the elastic strap. Thus the pressure 
upon the pencil can be adjusted at pleasure, its point being, of oouzse, 
set further outwards in ihe socket if the frame be drawn more back- 
wards, and i)iee ifersd. Also the string limits the outward portion of the 
pencil so as to insure that it shall touch the sloped part of the drawing- 
board exactly at the proper point for the first contact. 

When the paper and pencil are properly adjusted, the first thing to be 
done is to conduct the carriage as slowly as possible from one end of the 
trial bar to the other ; the pencil will then trace the equilibriwn trajectory, 
as shown by the close dotted line in the figure. This trajectory serves as a 
curve of comparison for the dynamical trajectory, and a straight line drawn 
through its level extremities enables us to measure the central statical deflec- 
tion. The carriage may now be drawn up the inclined plane and released. 
The pencil will now be found to trace a curve somewhat similar to the 
interrupted dotted line in the figure ; this is the dynamical trajectory. 

With respect to all the trajectories drawn by the apparatus, it must be 
recollected that the pencil-point is considerably above the level of the 
axis of the swing frame, and that its radial distance from that axis is 
less than that of the roller. Both these causes tend to alter the form of 
the trajectory, but may be corrected as follows : — 

The pencil describes a short arc of a circle, which, like that of the roller's 
motion, coincides so nearly with a straight line, that it may be considered as 
one, but as a line inclined to the vertical 13° by the difference of level 
between the pencil-point and the axis. In transferring the curve, therefore, 
a sufficient number of ordinates must be drawn on the original papers, 
inclined 13°, and their length must be transferred to vertical ordinates on 
another paper to obtain the true curve. 

If the form of the curve only be required, the abscissas of the copy may 
have any convenient proportion to those of the original ; and accordingly, 
to exhibit the forms of the trajectories more strikingly, I have in Plate 
YIII. reduced the abscissas to about one-fifth of the originals, and transferred 
to them vertically the actual lengths of the original sloped ordinates, as the 
most rapid and convenient mode of at once redudug the four-feet length of 
the original trajectories to a commodious size, and of exhibiting the required 
exaggeration of the form. But if the actual trajectories are required, the 
length of these sloped ordinates must be increased in the proportion of the 
radial distance of the roller from the axis of the swing frame to that of 
the pencil, namely, in the actual maclune, of 20 inches to 17 '5 inches. 

The velocity of the carriage may be nearly estimated by the altitude of 
the point whence its centre of gravity has been liberated on the inclined 
plane above the position of that centre on the horizonal rails ; but as some 
loss of this velocity is occasioned by the friction of the wheels and their 
rotation, &c, some method of measuring the velocity after it has passed 
over the raQ is required. Now, immediately after . this passage we have 
seen that the end of the carriage is received on an inclined sledgeway, and 
the fore wheels suddenly lifted off their rails. This happens before the 
check-springs have touched the sides of the sledgeway, and therefore before 
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they have acted to retard its motion. Hence the fore wheels revolving free 
of the railsy their circumferences retain a velocity equal to that with which 
the carriage was progressing when the wheels were lifted. By observing, 
therefore, the velocity of rotation of the wheels when the carriage is checked, 
we can estimate the velocity with which it had passed over the trial bar. 
To facilitate this, a worm is formed upon the axis of the fore wheels, and a 
toothed disk, C, fig. 3, loosely geared into it* An observer, stationed at 
a point where the carriage stops, with a stop watch, can easily measure the 
time occupied by the passage of 10 or 20 teeth, and hence obtain the required 
velocity of rotation. There is, in fact, very little loss of velocity from the 
retardhig causes. The weight of the entire carriage and its mechanism, 
when the swing frame is loaded to produce a pressure of 4 lbs. ^ is 28 SOs. 
I find that when the carriage is released from a height that would generate, 
without retarding causes, a velocity of 10 feet per second on the horizontal 
rails, the actual velocity ascertained by the above method U 7'H feet. 
Similarly, velocities that should be 15 and 20 feet, are respectively reduced 
to 12 feet and 16 '6 feet. 

In fig. 3, two centre-screws, F F^ will be observed in the sides of the 
frame, supporting the axis of an arm, which is shown in dotted lines only, 
and terminates in a roller, G\ which rests, like the roller, (7, of the swing 
frame, upon the trial bar, but at a distance of one foot behind it. This 
arm and roller is also dotted into fig. 4. Their purpose was to obtain the 
equilibrium and dynamical trajectories in the case of two equal pressures 
acting upon the trial bar, as in the Portsmouth experiments : want of time, 
however, having prevented me from obtaining accurate results with this part 
of the apparatus, I have contented myself with inserting the arm in the 
drawings by way of suggestion to future observers. 

Beneath the bar, in &g. 4, is a contrivance termed the InerUal Balance, 
This will be fully described hereafter. Figure 8 also belongs to this part of 
the machine. 

Trajectories drawn by the apparatus above described are given in Plate 
YIII. ; but the consideration of them is so much involved in the question 
of the inertia of the bar which our theoretical investigations suppose so 
small as to be neglected, that I must postpone their explanation until I 
have given, first, the theory on the above hypothesis, and next, the ex- 
planation of the methods by which the inertia of the bar can be introduced. 



Theoretical Investigation of the Trajectory, 

To simplify as much as possible the mathematical calculation, the carriage 
must be considered as a heavy partide, and the inertia of the bar neglected. 
Let X y he the co-ordinates of the moving body, x being measured hori- 
zontally fh)m the beginning of the bar and y vertically downwards, M the 
mass of the body,' F its velocity on entering the bar, 2 a the length of the 
bar, g the force of gravity, 8 the central statical deflection^ that is to say, 
the deflection that is produced in the bar by the body placed at rest upon 
its central pointy B the reaction between the body and the bar. The deflec- 
tion is small, t and therefore this reaction may be supposed to act vertically, 

* This is oxDitted in tbe sectioD, fig. 4, to prerent oonfaBion. 

+ Practically, the deflection of a girder is so small compared with the length, that this 

A A 2 
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for it must be recollected that the reaction is perpendiciilar to the carve of 

the har and not to the trajectory ^ and therefore, in the case of such small 

deflections as we have to deal with, the horizontal component of the reaction 

will be insignificant. Thus the horizontal velocity V will remain constant 

during the passage of the body along the bar. Now we have seen (p. 

343) that a given weight TT, suspended to the bar at a distance x from 

its extremity, will produce a deflection y^c W (2 ax ~ ^\ e being a 

constant depending on the elasticity and transverse section of the bar. But 

as the inertia of the bar is neglected, its elastic reaction upon the travelling 

weight will be equal to a weight that would, if suspended to the bar at a 

point where the travelling weight touches it, depress that point to the same 

V 1 

amount below the horizontal line. Therefore, B= W= -^ --r ^-r-. 

e (2 a a; — sr)* 

The constant c may be determined by observing that \i B :^ M g and x = a, 

y becomes 8, Whence, substituting in the above equation, we obtain 

^ ~ Mg . a* * 

The forces which act on the body are its gravity and the reaction of the 
bar. Whence we obtain the equation of motion, 

<Py ^ flfof y 



which becomes, since V =: -y-r* 

<Py j_ _ ga* y 

from the integration of this equation we should obtain the curve of the 
trajectory. 

Having proceeded thus far, however, I found the discussion of this 
equation involved in so much difficulty, that I was compelled to request 
my friend G. G. Stokes, Esq., Fellow of Pembroke College,* to undertake 
the development of it. His kind and ready compliance with my wishes, 
and his well-known powers of analysis, have produced a most valu- 
able and complete discussion of the equation in question. The mathe- 
matical methods employed for this purpose are, from their nature, probably 
unintelligible to the majority of practical men, for whom the present essay 
was written ; and it was thought better, therefore, that the discussion 
should be thrown into the form of a paper, and presented to the Cambridge 
Philosophical Society, before which it was read the 2l8t May, 1849 rf to 

bypotbeBis may be fairly asivmed. Engineers inform ns that a deflection from i^ to gj^ 
of the length may be allowed in a girder (vide Beport, Analysis of Evidence, art. De/lee- 
Hon of OirderM, Ac. ) \ bat the deflections with ordinary loads are not greater than one- 
foarth of these. Thus, in Mr. Hawkshaw's endenoe (No. 152), we find a deflection of 
half an Inch assigned to a girder-bridge of 89 feet span nnder the action of a heavy loco- 
motive engine. This is only g^ of the length ; and in the experiments of the Commis- 
sion at Swell and Godstone, deflections of ^^ and ^^ of the length were obtained £rom a 
heavy locomotive and tender. In the experiments at Portsmonth, on 9-feet bars, deflec- 
tions of 6 inches, that is, of \i of the length, were sometimes reached ; bat even these 
may be called small in the mathematical sense. 

* Now Lacasian Professor in the University of Cambridge. 

t The title of the paper is as follows : <* Discasaion of a Differential Equation relating 
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the TranaaotionB of that society I mast beg to refer those of my readers who 
may desire to follow out this most elaborate and able investigatioiu I shall, 
however, give his results, extracting from the paper such of his remarks as 
may be necessary to make them intelligible, and shall then proceed to 
compare them with the tngectorial curves of my apparatus and with 
practice. 

It appears that the equation cannot be integrated in finite terms, except 
for an infinite number of particular values of a certain constant involved in 
it ; but Mr. Stokes has investigated rapidly convergent series, whereby 
numerical results may be obtained. By merely altering the scale of the 
abscissa and ordinates, the differential equation is reduced to one con- 
taining a single constant, which he terms j3. This he effects as follows : — 
Put 

and substituting these values in the equation, it becomes 



d 2? '^ {X— X}f 

" It is to be observed that X denotes the ratio of the distance of the 
body from the beginning of the bar to the length of the bar ; Y denotes a 
quantity from which the depth of the body below the horizontal plane in 
which it was at first moving may be obtained by multiplying by 16 5 ; and 
fiy on the value of which depends the form of the body's path, is a con- 
stant defined by the equation j3 = rwo * A small value of /3, therefore, 

corresponds to a high velocity, and a large value to a small velocity. It 
appears, from the solution of the differential equation, that the trajectory 
of the body is unsymmetrical with respect to the centre of the bridge, 
the maxiTnum depression of the body occuring beyond the centre. The 
character of the motion depends materially on the numerical value of /S. 
When /3 is not greater than ^, the tangent to the trajectory becomes more 
and more inclined to the horizontal, beyond the maTimum ordinate, till the 
body gets to the second extremity of the bridge, when the tangent becomes 
vertioaL At the same time the expressions for the central deflection and 
for the ^dency of the bridge to break become infinite. When ^ is greater 
than \y the analytical expression for the ordinate of the body at last becomes 
negative^ and afterwards changes an infinite number of times from negative 
to positive, and from positive to negative. The expression for the reaction 
becomes negative at the same time with the ordinate, so that, in fiu)t, the 
body Uaps, The occurrence of these infinite quantities indicates one of 
two things ; either the deflection really becomes very lazge, after which 
of course we are no longer at liberty to neglect its square, or else the 
effect of the inertia of the bridge is really important. Since the deflection 
does not really become very great, as appears from experiment, we are led 
to conclude that the effect of the inertia is not insignificant ; and, in £Mt, I 
have shown that the value of the expression for the vis viva neglected at 

to the Breaking of Bailway BridgM,** by G. G. Stokei, M.A., Fellow of Pembroke 
College, Oambridge.-*jn-aMacf*oiu o/ th$ CawMdgt Philosophical Sodsiiy^ vol. viil, 
p. 707. 1849. 
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laat becomes infinite. Hence, however light be the bridge^ the mode of 
approximation adopted ceases to be legitimate before the body reaches the 
second extremity of the bridge, although it may be sufficiently accurate for 
the greater part of the body's course." 

We shall presently see that in practice )3 is never less than if and that 
the above conclusion can be perfectly reconciled with the experimental 
results when the inertia of the bar is taken into account. For the investi- 
gation of the series by which our author was enabled to calculate the 
numerical results, I must refer to his paper, firom which I have extracted 
the two following Tables (Y. and YL), which contain a sufficient number 
of ordinates to enable the tngectory to be laid down by points, in the forms 
corresponding to nine values of /3. Those which belong to intemediate values 
of p can be easily interpolated. The curves themselves are carefully laid 
down in Plate YEI., fig. 4. 
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In Table Y, the length of ihe bar is divided into 50 parts ; but in Table 
VI. 20 diviflioDB were thought sufficient. Each Table, however, consiBts of 
three parts. In the first are contained the values of the ordinates of the 
curve, 8 being considered as unity.* In the second part of the Table, 
which is headed «, we have the numerical values, which express the ratio of 
the depression of the moving body at any point to its statical depression, 
that is to say, to its place in the equilibrium tregeotory. In the third part, 
headed T, are the numbers whioh express the tendency of the bar to break 
at each point, which were thus obtained. 

If a weight, fK, be placed on a point of the bar whose distance from the 
first extremity is x, then, by the known principles of Btatics,t the strain 
upon this point, or tendency of the bar to break, is measured by W multi- 
plied by the product of the two parts into which the bar is divided by the 
point upon which the weight rests, or by W x {^ ^ — 9c) x. But, in the 
problem under consideration, the dynamical action of the travelling load, 
combined with the elastic reaction of the bar, deflects the point of the 



* The eqnilibriam tnjectoiy may be laid down by the help of the sabjoined Table. 
The length of the bar is diyided into 50 parte, and as the cnrre Ib symmetrical on each 
side of the centre, it is only neoenary to gi^e the ordinates for the first half: the central 
ordinate may be assumed of any conTenient magnitade, and diyided into 1000 parts. 

TABLE VII.— Equilibrium Trajectory. 



X 


y 


X 


— 1 

V 


m 
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10 


410 


19 


909 
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24 


11 


476 


20 


920 
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51 


12 


582 


21 


941 
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86 


18 


589 


22 


970 


5 


129 
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655 


23 


986 


6 


178 


15 


707 


24 


995 ; 
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281 


16 


753 


25 


1000 ' 
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285 


17 


808 


— r 


_ _ 1 





344 


18 


851 

1 


i "" 


1 



Table YI. eontabs the results for five yalaes of 0, namely, 3, 5, 8, 12, and 20, npon 
which Mr. Stokes makes the following remarks : — 

<^ The form of these trajectories is shown in fig. 4, Plate VII. An P increases, the 
first point of intersecUon of the trajectory with the equilibrium trajectory moves towards 
A . Since s = 1 at this point, we get from the part of the Table headed z, for the 
abscissa of the point of intersection (by taking proportional parte) -34, -29, '26, -24, 
and -22, corresponding to the respectiTe values 8, 5, 8, 12, and 20, of $. Beyond this 
point of intersection the trajectory passes below the equilibrium trajectory, and remains 
below it during the greater part of the remaining course. As $ increases, the tngectory 
becomes more and more nearly symmetrical with respect to C : when /3 = 20 the devia- 
tion from symmetry may be considered insensible, except dose to the extremities A B, 
where, however, the depression itself is insensible. The greatest depression of the body, 
as appears firam the column which gives y, takes place a little beyond the centre ; the 
point of greatest depression approaches indefinitely to the centre, as fi increases. This 
greatest depression of the body must be carefully distinguished from the greatest depres- 
sion of the bridge, which is decidedly larger, and occurs in a different place, and at a 
different time (see p. 845), The numbers in the columns headed T show that T is a 
qaximum for a value of x, greater than that which renders y a maxunum, as in fact 
immediately follows from a consideration of the mode in which y is derived from T. 
The first maximum value of T is about 1-59 for /3 = 3, 1'83 for 3 =» 5, 1'19 for /5 «= 8, 



1-11 for fi = 12, and 1*06 for fi = 20."— Ca«6. Trans., p. 723. 
t Vide Barlow on *'The Strength of Materials," or any statical 



writer on this snbjeet. 
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bar upon whioh it is momeutarily placed to a diatanoe, y, below the 
horizontal line. SinoOy therefore, the inertia of the bar is neglected, the 
effect to break the bar is the same as if a weight were suspended to this 
point sufficiently great to depress it statically to the same distance, y. 
Such a weight is equal to th^ reaction of the bar, and is therefore pro- 
portional to ~ — ^- — -rr/ Substituting this value of IF in the above 
expression, we obtain the tendency of the bar to break under the action of 
the travelling load proportional to - — ^__ ^ . Call this tendency T, 

and let T be so measiured that it may be equal to unity when the moving 
body hi placed at rest on the oentre of the bar ; in which case y = 8^ and 
X s a. 

Hence T : 1 : : -^r — - — -zr : -r- and T « -^ . ;r «— -i. 

In this manner, the numbers in the third part of the Tables were obtained. 
It must be remembered that, in this part of the investigation, the inertia 
of the bar or bridge is necessarily neglected, and it wiU be seen below that 
this inertia greatly afifects some of these results. 

Having now stated the results of Mr. Stokes's discussion of the equation 
to the trajectory, I shall endeavour to apply them to the interpretation of 
the experiments. This discussion has shown that the curve of the trajec- 
tory assumes different phases, each of which is characterised by a certain 

value of the constant /9 » 4 ms' ^^^ forms are shown in fig. 4, Plate 

YIL When /9 is large, the curve departs very little from symmetry, or 
firom the form of the equilibrium trajectory. But, as /3 becomes smaller, 
the first half of the curve rises more and more above the equilibrium curve ; 
the second half sinks, on the contrary, below it at first ; but when the value 
of j9 is less than about ^ , the loop of the trajectory begins to rise again. 
On the other hand, however, as )3 diminisheS| this loop, or lowest point of 
the curve, steadily increases its distance from the central position which it 
holds in the equilibrium trajectory. 

Every one of these phases or forms of the curve may have its ordinates 
upon any scale of proportion with respect to the length of the whole. This 
scale is governed by the proportion of a to iSf, Accordingly, in the drawings 
of the curves, the proportional magnitude of the ordinates is assumed much 
larger than in actual practice, or, indeed, than would be consbtent with the 
hypothesis that the deflections are small compared with the length of the 
bar.* 



( 



* A numerical example may explain the above remarks. In the expression for 
namely fi >« 24*15 yth) ^^ ^ sabatiiute the valaes given in the two following 

eaies. (1.) A bridge 30 feet long, over which a load that would produce a statical deflec- 
tion of *22 inch, is traTelUng at the rate of 90 feet p«r second. (2.) A bar 9 feet long, 
tm which a load that would produce a statical deflection of 2 inches, is traTelling at the 
rate of 9 feet per second. We shall obtain the same yalue of for each of these examples, 
nameiyt 12, very nearly. The trajectory of each of these will be the same, and also the 
same as that given for /i » 12 in Plate YIL; in this respect, that the proportiotuU 
increase of the statical deflection at similar points of the length is the same in all three. 
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Bat before we oan apply these results in illustration of the experiments, 
we must ascertain the numerical values which j3 holds in practical cases. 
In the expression for p, ^=32*2 feet, a is the half-length of the bridge in 
feet, V the horizontal constant ydodty of the body in feet per second, and S 
the central statical deflection, also in feet. 

It will be more convenient if the value of j3 be expressed in terms of the 
length (Q of the bridge, instead of the half-length, and also, if the deflection 
be expressed in inches, the other quantities, I and F, being expressed in 
feet If we make the necessary substitutions for this purpose in the 

formula, we obtain /9 = 24 '15 ^^* 

In the 9-feet bars of the Portsmouth experiments, j8 = — ^y-^ — . 

It is clear that, as the velocity and statical deflection vary, every experi- 
ment has a different value of j3. But as certain selected values of the 
velocity were employed, we can exhibit cozresponding values of j3, as in the 
following Table, in which also a few values of ;8f are taken, between which it 
is easy to estimate the value of j3 for any particular case. 



TABLE VIII. 



in inches. 


Velocity in feet 


15 


29 


36 


48 


•8 
•6 

1 

1-6 
2 

8 


29 
U'B 
8-69 
6-79 
4-85 
2-89 


7-74 
8-87 
2-82 
V55 
1-16 

• • ■ 


6-02 
2-51 
1-61 
1-00 

■ ■ • 

■ • ■ 


3-54 
1-77 
106 

• •• 

a • • 
« • • 



The values of /9 in each column are not extended beyond those which 
were employed in the actual experiments, as shown by the Tables (pp. 334, 
368), and it thus appears that j3 was never less than unity, or greater than 
30, in the three first series of these experiments. 

To obtain less values of j3, we must diminish the length of the bar, or 
enlploy greater velocities and larger statical deflections ; that is to say, 
greater weights. But greater velocities are not to be obtained with the 
inclined plane, which was already carried as high as practical limits 
allowed ; and larger proportional deflections would remove the case beyond 
the limit of the theory upon which fi was calculated, and, indeed, beyond 
the limits of the ordinary assumption of small deflections upon whioh the 
equations are founded in all problems in which elastic curves are concerned ; 
so that the diminution of the length is the only practicable mode of trying 
experiments upon small values of j3. However, the values of j3 in actual 
bridges are so much larger than any we have been experimenting upon, 
that they belong for the most part to totally different phases of the 

But the relative scale of the absciasfla and oidinates will be different in every one ; for in 
the bridge, the central statical deflection is to the length as 80 feet to '22 inch, that is, as 
1686 to 1 ; in the bar the deflection is to the length as 9 feet to 2 inches, or as 54 to 1 ; 
and in the figures on the Plate as 10 to 1. 
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curve,* and therefore experiments on small values are only required to test 
the theory. 

Thus, in Godstone Bridge, the length was 30 feet. S zz 0*19 inch.; 

/3 =: ^^^r~> whence for velocities of 22 feet, 40 feet^ 73 feet, 90 feet, we 

obtain /3=236, 71*5, 21*4, 14* respectively ; of which the last belongs to a 

velocity, practicable indeed, but the efifects of which we were not able to 

test. 

In the Dee Bridge, Z = 98« S varies from i in. to ly^ in. ;t if we assume 

231987 
it equal to 1 inch, we obtain j3=: — j=— ^ In this case velocities of 20 feetj 

40 feet, 70 feet, 90 feet, give values of j3=:580, 145, 47» and 28 respec- 
tively. 

In a bridge of 89 feet length, on the Goole line, the deflection was half an 
inch (vide Mr. Hawlcshaw's evidence, Report, No. 152, &c) ; this, with 
velocities of 25 and 90 feet, will give j3 = 612 and 47 respectively. 

In the Ewdl Bridge, I = 48 feet, 8=z 0*215 in., j3 = ^^^, whence 

velocities of 25 feet and 90 feet give j3 =: 414 and 32 respectively. 

In the case of real bridges, it thus appears that /3 is rarely so small as 14, 
and may reach 600, or higher numbers, whereas, in the Portsmouth experi- 
ments, the values of /3 ranged between 30 and 1. In the experiments on 
shorter bars at Portsmouth, and in my experiments at Cambridge, still 
lower values of fi were employed, as will presently appear. In fact, our 
principal experiments belong to a series of values of /3 that begin where those 
that appertain to real bridges end.^ 

But the better to compare the experimental results with practical 
oases, it will in the next place be convenient to consider the proportional 
increase of the central deflection of the bar that belongs to each value of /3. 

It has been shown in the Plate that the maximum central deflection 
happens when the body has reached that point of its trajectory at whicli 
the curve of the trajectory touches the corresponding curve of the bar. 
Every given phase of the trajectory, and therefore its appropriate value 
of /3, has also a certain maximum central deflection in the bar, the ratio 
of which to the statical deflection (s/S) can be calculated or otherwise 

* The prindpal reason of the totally different range of the valnes of fi in the experi- 
ments, and in real bridges, respeotiTely, is to be foand in the great differenoe between 
their lengths, fovM fi varies {eoBUrU parihut) directly as the square of the length, and 
inversely as the statical deflection, it is dear that a 9-feet bar and a 80-fiBet bridge will at 
once prodnoe a totally different set of values of $. Added to which, it is fonnd convenient 
to employ a statical deflection of 1 inch or more for the Hike of snfficiently developing the 
effects, while in real bridges the statical deflection is not greater than a quarter of an 
inch. 

t These values of S are taken from the Report to the Commissioners of Railways, 15th 
Jane, 1847, p. 7, and consequently belong to its construction before it was strengthened. 

t In weak bridges still smaller values of may be reached with high velocities. We 
may take, for example, the girders of the Canal Bridge near Long Eaton, which Mr. W. 
H. Barlow has described as exemplifying a case in which the dimensions were insufficient, 
and the girders removed accordingly. (Report, Minutes of Bridence^ 733, and A pp. 
No. 5.) The span of the girders was 26 feet, and the statical deflection 0*8 in. This, 
witii velocities of 70 and 90 feet, would give /3 » 11 and 7 respectively, and consequently 
increments of the statical deflection = *12 and % neglecting the inertia of the bridge, 
which would more than double these increments. 
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obtained. It \b not very easy to calculate it, and its vlane may be 
obtained, witb sufficient accuracy for our purpose, by the drawing-board, 
from the curves which hare been hud down from the preceding Tables, 
and note at foot of page 345. 

Howeyer, Mr. Stokes has shown that, when /3 is greater than about 8, 
the motion of the body becomes sensibly symmetrical with respect to the 
centre of the bridge ;* and, in fact, the projections of his ourres in Plate 
VII. show that the trajectory becoming thus nearly symmetrical, the 
maximum central deflection of the bar is so nearly the same as the central 
ordinate of the tn^ectory that one may be taken for the. other in all 
cases where j3 is greater than 8 ; and of course, therefore, in real bridges, 
where, as we have seen, /3 is rarely below 14. 

I^ow, when /3 is large, Mr. Stokes has given the following series, t to 
calculate the value of the ratio of the central deflection of the bar to S, 
namely (if Z) = central deflection of the bar) : 

D , , 1 5 13 . 



S 







2i32 



When /3 is equal to, or greater than 100, the first two terms of the 

series will be found true to the third place of decimals ; therefore, sub- 

4 F' 5' 
stituting the value of /3, we obtain D = jSf H 5—. Hence, for a given 

load, the increment of the deflection due to velocity varies nearly as the 
square of the velocity directly, and the square of the length of the bridge 
inversely. 
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TABLE IX.— C0KRT.SP0KDIKG Values of /3 and - 






jy 
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1 
D 




i J> 


fi 




fi 




fi 


' ^ 




s 


1 


S . 


1 s 


0-8 


7 


3-6 


I -43 60 


1-020 


0-4 


5-6 


4-0 


1 -38 1 60 


, 1-017 


0-5 4-0 


4-5 


1-34 . 70 


1015 


0-6 3-9 


5 


1-80 80 


1-013 


OT 8-4 


6 


1-28 1 90 


1-011 


0-8 8-0 


7 


1-20 , 100 


1-010 


0-9 ; 2-7 1 


8 


1-18 


200 


1-005 


10 


2*46 


9 


116 1 


800 


1-008 


1-2 213 


10 


1*14 { 400 


10025 


14 1-92 


12 


1-12 500 


1-0020 


1-6 179 


14 


110 |i 600 


1-0017 


1-8 


1-72 


16 


1-09 |( 700 


10014 


20 


1-65 


18 


1-07 800 


1-0012 


2-3 1-69 


20 


106 


900 


1-0011 


2-5 1-56 


30 


1-04 


1000 


1-0010 


3 


1-49 


40 


1-08 


• • • 


* 
• •• 



* Camb. PhiL Trans, p. 720. 

f '^ In practical cases this series may be reduced to 1 + — . The latter term is tb6 

same as would be got by taking into account the centrifugal force, and substituting in the 
small term inyolying that force the radius of curvature of the equilibrium trajectory for 
the radius of curvature of the actual trajectory. The problem has been already con- 
sidered in this manner by others by whom it has been attacked.** — Camh. Trans, p. 724. 
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In Table IX. I bave giyen, witb sufficient accuracy for our purpose, 
the numerical values of the ratio of the dynamical central deflection of 
the bar to the statical deflection, which correspond to dijQferent values of 
j3. We see that the statical deflection is tripled when /3 z= '8, and doubled 
when /3=:1*3. When /3 becomes greater, the increment of the deflection 
diminishes rapidly ; so that, for j3=14, it is only a tenth of the statical 
value, and one-hundredth when j3=100. This Table explains the much 
greater development of the central deflection and other phenomena in the 
bulk of the Portsmouth experiments than in actual bridges ; for by com- 
paring Table VIII. with the three Tables relatizig to those experiments, at 
pp. 334 to 338, it will be seen that the great and startling increments oi the 
deflection produced by the velocity of the load belong to small values of /3 
(which never occur in practice), obtained by high velocities combined with- 
the greatest loads. The values of ^ between 29 and 14, in these experi- 
ments, belong only to a few cases of the 15 feet velocity combined with the 
small deflections due to the least weights employed. And even these latter 
values of j3 are only reached in real bridges with velocities of 50 and 60 
miles an hour. But the increase of deflection in these cases, as well in the 
Portsmouth experiments as in the above Table IX, is so small as to be of 
little practical importance. From Table IX., and from the values of ^ 
determined in page 365, it would appear that in real bridges, where /3 
ranges from 600 to 14, the dynamical increment of the central statical 
deflection would be from '0017 to *1 only, whereas in the experiments, in 
which /3 ranges from 30 to 1, the same increment would acquire values from 
*04 to 1 *46 of the central statical deflection. It must always be remem- 
bered, however, that in our theory, the inertia of the bar or bridge has been 
supposed so smaU with respect to that of the load that it may be neglected, 
and consequently, as I will proceed to show, the theory, in this stage, 
although it serves very well to explain the general action of the forces in 
producing the effects in question, fails to account for the whole of the 
results obtained by experiment. 

For the purpose of comparing the above-calculated values of the central 
deflection of the bars with the Portsmouth experiments, I will select 
those experiments in which the actual statical deflections were measured ; 
for, as I have already explained, in the examination of the three first 
series, I was compelled to calculate, upon somewhat imcertain data, the 
statical deflections for the purpose of obtaining the increase due to the 
motion of the load. But in the sixth and seventh series, the load was 
allowed to remain the same in each experiment, and successively increasing 
velocities were given to it, the statical deflection having been previously 
determined, and thus a cause of possible error was removed. In the 
seventh series, moreover, the load was made to press upon one point only 
of the bar, so as to remove one source of discrepancy between the theory 
and experiment (see page 333). 
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TABLE X.— PoBfsxovTH Bxpbkixkhts, Sixth asd Sbyxvth Sbuis. 
T^n of Wrought Iron 9 ft long, 1 in. broad, 8 in. deep. 
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Velocity 
infeetoer 

eecona. 


Statical 


Ps^n^mf^^l 


Ratio of 






CaleuUted 


No. of 
experiment. 


deflec- 
tion. 


deflec- 
tion. 


obeer^ed 
deflection. 


Calculated 
ratio. 


fi 


deflection. 


Sixth 


15 


•29 


•88 


1^81 


1-05 


27 


•80 


series. 


29 


•29 


•50 


1-72 


1-19 


7^24 


•84 




86 

• • ■ 


•29 
•84 


•62 
•58 


2^14 
1^56 


1-84 


4^7 


•89 
•45 




43 

• « • 


•29 
•84 


•46 
•47 


1-59 
1-88 


1-46 3-8 


•42 

•50 




Bars of Cast Iron 4 ft 6 in. loug, 4 in. broad, 0*75 in. deep. 




Seventh 


15 


•25 


•48 


1-92 


117 


8-7 


•29 


series. 


29 


t • t 


•70 


2-8 


1-61 


2-8 


•40 


1 


40 


• •• 


•84 


3 86 


2-18 


12 


-58 


Bats of Cast Iron 4 ft. 6 in. long, 4 in. broad, 0*5 in. deep. 


2 


15 


•42 


•60 


1-48 


1-29 


5-2 


•54 




29 


• • • 


1-58 


8-76 


1-92 


1-4 


•81 


Ban of Wrought Iron 4 ft. 6 in. long, 4 in. broad, 0*5 in. deep. 
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•26 


•89 


1-5 
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8-2 


•80 




29 


• •• 


•52 


2' 


161 


2-2 


•42 




40 


• • • 


•61 


2-85 


2 18 


1-2 


•55 




15 


•84 


•59 


1-72 


1-28 


6-8 


•42 




29 


t • • 


•82 


2-41 


1-75 


1-7 


-59 




40 


• • • 


1^00 


2-94 


2-70 


•9 


•92 

1 


1 
Bars of Wrought Iron 4 ft. 6 in. long, 4 in. broad, 0'5 in. deep. 


4 


15 


•50 


•74 


148 


1-86 


4-8 


'68 




40 


• • a 


1-95 


8-9 


8-9 


•6 


1-90 


Bars of Steel 2 ft. 8 in. long, 2 Sn. broad, 0*25 in. deep. 


5 


15 


•85 


•60 


172 


1-85 


1-5 


•65 




29 


• • • 


•88 


2-52 


5-6 


•4 


1-96 




44 


• • • 


1-08 


2-94 


• • • 


•2 


... 




15 


•70 


1-02 


1^46 


8-0 


•8 


2-10 




24 


... 


1-82 


1-88 


7- 


•8 


4-90 




29 


... 


1-46 


2-08 


*•* 


•2 






84 


. . • 


1-80 


1-85 


... 


•1 


1 
• • « 




44 


... 


1^08 


1-47 


... 


-1 


• •• 



In Tftble X., after giving the obsenred statical and dynamical defleo- 
tionsy with their respective ratios, I have added three oolomns^ containing 
qoantitieB obtained by calculating in accordance with the above theory the 
valne of jS, the ratio of the dynamical to the Btatical deflection, and lastly 
the dynamical deflection. 
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By oomparing the experimental and calculated yalues of the dynamical 
deflection it will be seen that, with the exception of the last set, the calcu- 
lated values are smaller than the real values. 

The excess, from its irregularity, is evidently due in part to some sources 
of error inseparable from the nature of the experiments, as, for example, the 
setf which shows itself by the greater difference exhibited in the case of cast 
iron ; for the mean value of the excess in the five experiments on cast-iron 
bars is three-tenths ('32) of the statical deflection, whereas in the fourteen 
cases where wrought iron was employed, the mean value of the excess is one- 
tenth (*12) of the statical deflections. In the experiments on steel bars, on 
the other hand, the calculated deflections are greater than the actual deflec- 
tions. But the values of i9, in the latter case, are smaller than in the 
experiments on wrought and cast iron, being, with one exception, less than 
imity. 

I shall presently show that the inertia of the bar will account for the 
greatest part of the discrepancies above stated between the theoretical and 
experimental deflections, for it will appear that it tends to increase the 
theoretical deflections when /3 is greater than about 2, and to diminish them 
when less. In actual bridges the jolts from the joints of the rails, and the 
imperfect curvature or cambering of the bridge, also tends to disturb and 
augment the efleot, and therefore we need not be surprised to find that the 
increase of deflection observed in the experiments of the Commission at 
Ewell and Godstone Bridges was greater than the theory would have 
assigned, as th«^ following Table shows : 



Ewell Bridge. 


OoDeroNE Bbidoe. 


Velocity 
In feet 

seoond. 


fi 


J> 

8 


Velocity 
In feet 

second. 


fi 




Computed. 


Obeorred. 


Computed. 


Oboerved. 


25 
30 
54 
75 
90 


414 

287 

88 

46 

82 


1-002 

1-004 

1-01 

1-02 

1-04 


I 

1-07 
114 
1-09 

• • • 


22 

40 

i '78 

90 


286 
72 
22 
14 


1-004 
1-015 
1-06 
1-10 


1-23 
1-16 
1-31 
••• 



In the Ewell Bridge the difference is not more than the omission of the 
inertia of the bridge would account for ; but in the Godstoue Bridge the 
excess is much greater than in the Ewell Bridge. The Godstone Bridge was 
the first upon which the experiments in question were tried, and the scaffold 
and registering apparatus was by no means so complete and steady as thaji 
which was used for the EweU Bridge (figured in Plate lY.). The actual 
quantity to be measured (about a quarter of an inch) was so small that the 
least unsteadiness in the apparatus would affect its correct registration. This 
cause may possibly account for some part of the difference between the two 
experiments. 

In the next place I shall proceed to show how the effect of the inertia of 
the bridge or bar may be examined. 



D 8 
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On iJi^ Effect of the Inertia of the Bridge, 

In the mathematical theory of the previous part it has been assumed^ 
that the mass of the bridge is so small with respect to that of the load, that 
its inertia may be wholly neglected! But when the trajectories obtained by 
the apparatus just described (figured in Plate YI.) are compared with those 
derived by theory, under the above hypothesis, considerable differences are 
observed which appear due to the neglect of the inertia of the bar or bridge. 
For example, in Plate VU., fig. 5, I have given a series of trajectories which 
I obtained from my apparatus. 

The bar was of steel 3 feet in length between its bearing points ; its section 
was square and about 0*22 inch in width and depth; its weight was 8 
ounces avoirdupois, and the pressure on the roller was 5 lbs., which was very 
nearly the actual weight. Hence, the weight of the load was about ten 
times that of the bar ; the central statical deflection (or ;S) = 0*^64 inch. In 
the figure the proportion of the ordinates to the abscissae is greatly exaggerated 
(vide p. 364). 

Tha values of /3, which belong to the four trajectories in the figure, are 
respectively nearly 5, 2, 1, and '4, as marked. 

It happens that, with the exception of 5, the values of /3 in Mr. Stokes's 
Tables do not exactly coincide with the above, but it is easy to compare 
them with the trajectories in fig. 6, by taking the nearest oases.* Thus the 
curve of which i9 = 2 will lie between those which belong to 3 and 4 in fig. 4, 
Plate YII., that for /3 z= 1 a little above that which belongs to /3 = 4, and that 
for /3= '4 above that which belongs to /3 z= i or *5. Mr. Stokes alao had 
foreseen f that the effect of the inertia of the bar would be to reduce the 
enormous deflections which occur in the second half of those theoretical tra- 
jectories which appertain to the values of /3 below unity. This view is fully 
confirmed by the experimental tn^ectories, of which fig. 5 contains speci- 
mens. But we will proceed to a more especial examination of the effect of 
the inertia of the bar. 

There is a very striking similarity in the general forms of the correspond- 
ing trajectories in these two diagrams. In the curve that belongs to the 
smallest value of jS, namely *4, the front of the experimental curve does not 
terminate so bluntly as in Mr. Stokes's diagram ; and in all the trajectories 
it will be seen that their first intersection with the equilibrium curve takea 
place farther from the origin in the experimental cases than in the theoretical, 
which might be expected from the simplest view of the effect of inertia in 
the bar, which will of course retard the descent of the load at the be- 
ginning of the motion, and consequently tend to throw the first part of the 

* It would have been better to have arrasged tbe apparatus so as to have traced curves 
exaeUj corresponding to tbe values of 3 in Mr. Stokes's diagram (fig. 4, Plate YII.), as 
tbe change of form would thus have been more strikingly shown. But with respect to 
this, as well as to other parts of the iuTestigation, I must remark that tbe necessity for 
presenting the Report of the Commission to Her Majesty before the recess, limited the 
time for carrying on this Inquiry, and therefore I have been compelled to leave many 
inrts of it in an incomplete state, in order to hurry on to the conclusion. Bzperiments of 
the nature of those given above, which are intended for the elucidation of the laws of 
certain mechanical phenomena, do not require the minute and delicate accuracy that are 
essential to physical experiments, in which the most precise numerical results are to be 
sought for. 

t Camb. Phil. Trans, p. 708. 
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tr^jeotory higher up, and ihos to carry the point of ita interseotion with the 
equilibrium oarve to a greater distance from the origin of the cnrre. 

It will be nsefol in this place to examine the relation between the 
weight of the loiul and the weight of the bridge in the experiments at 
Portsmouth, and in actual cases, in order to see what proportion the mass 
of the bridge bean to that of the load in reality. In the three first series 
of the Portsmouth experiments the weights of each cast-iron bar, 9 feet in 
length, were 67 lbs., 94 lbs., and 195 S)s. respeotiyely. The loads laid upon 
each bar in the first series varied from 660 ibs. to 922 Jhs, ; in the second series 
from 660 lbs. to 1748 9>s. ; and in the third series from 560 lbs. to 1648 fts. 
Thus the weight of the load was considerably greater than that of the 
bridge in all these cases. The exact ratios of load to bar in the above limiting 
examples are, respectively, in the first series 8*3 and 13*7 ; in the second 
series 5*9 and 18*5 ; in the third series 2*9 and 8*4. On the whole the 
weight of the load is from 3 to 14 times that of the bar. In my smaller 
experiments, steel bars weighing from 17 ounces to 8 ounces were employed, 
and loads varying from 5 Sbs. to 3 S)s.; the weight of the load was therefore 
from 3 to 10 times that of the bar. 

In the Godstone and EweU Bridges tipon which the Oommissioners experi- 
mented, the following ratios existed. It must first be observed, that every 
complete railway bridge for a double line consists of two bridges, one to 
carry each line of rails, and that the two, although lying close together, are 
in reality independent structures, so that the deflection of one under the 
action of a passing train does not affect the other. The total weight of 
half the Ewell Bridge is about 30 tons, and the weight of an engine and 
tender nearly 40 tons, so that the load is here i heavier than the bridge. In 
the Qodstone Bridge, the weight of an engine and tender was 33 tons, and 
of the half-bridge 25 tons, which gives nearly the same proportion as the 
Ewell Bridge. These may serve as examples of bridges from 50 to 30 feet 
span. In the Dee Bridge, of which the span is 98 feet, the half-bridge is 
said to weigh 90 tons, and the engine and tender 30 tons.* 

The Conway tube has a dear span of 400 feet, and its weight is 1146 
tons. The Britannia tube in its greatest clear span is 460 feet, and the 
weight of the portion that belongs to this span, namely, of 472 feet of tube, 
is 1400 tons.f Taking an engine and train at above 60 tons, the bridge in 
these two cases is more than twenty times heavier than the load. 

In the experimental apparatus the weight of the load was much greater 
with respect to the bars than in actual bridges, partly on account of the 
necessity for employing very flexible bars to render the changes of deflection 
sufficiently apparent, and partly on account of the great difference of length. 
If bars bearing the same ratio of weight to the load as in bridges, were 
tried in the apparatus, the deflections would become so small that they would 
be scarcely appreciable. Hence it appeared impossible to obtain tngec- 
toriea corresponding to different ratios of the masses of the load and bar, 
which were required to teach us the effect of inertia upon the trajectory ; for 
as it plainly appears from the above data that the mass of the bridge is too 

* Report of the Cominissioners of Railways on the Dee Bridge, page 5. At page 8 it 
is stated that two engines and tenders (or 60 tons) would be at the same time on one pair 
of girders ; this would, however, be ooosidered as a distributed load. 

t Minutes of Bridenee 1232, page 869, &c. Fairbaim's Aooonnt of the Britannia and 
Conway Tubular Bridges, page 184. 

B B 2 
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oonaiderable to be neglected, we haf e next to inquire whether the inertia of 
the bridge increases or diminishes the amount of central deflection of the 
bridge, which we have calculated on the supposition of the bridge being an 
elastic bar without sensible inertia. 

The method by which I attempted to attain this obejcfc may be thus ex- 
plained. In page 342 I have stated that if an elastic bar, resting on two 
fixed props, be deflected by a pressure applied at any point not in the centre, 
it will assume the form of a certain curve, in which the greatest deflection 
will not be at the place where the preasure is applied, but much nearer to 
the centre. In fact, as the deflection is small, this curve is so nearly the 
same in form, whether the pressure be applied in the centre or at any other 
point, that we may for our present purpose assume the same equation to 
belong to it in all cases. 

The bar may thus be considered as a system of heavy particles, so con- 
nected that if motion be given to auy one of them the whole will move firom 
their initial position, and with velocities respectively proportional to the 
ordinates (y) of the curve which the bar assumes. Substitute for these heavy 
particles a mass collected in the centre of the bar, and therefore moving 
with a velocity proportional to the central ordinate (F). Then as each 
particle m of the bar will resist the communication of motion with a force 
which is as the particle itself, and the square of its velocity jointly, it can 

be replaced by a particle at the centre of the bar, which is equal to -^^ . 

and hence if this central mass be equal to the sum of these, r^, the effect 

of its inertia will be the same as that of the whole of the particles of the 
bar. Calculating this sum firom the equation to the curve, we find it to 
represent 0*486 of the mass of the bar, or one-half nearly. It thus appears 
that in considering the eflect of the inertia of the bar, we may suppose a 
mass equal to one-half of its weight to be collected at the centre. 

In the next place let there be a rod, pqr^ below the bar (fig. 4, Plate VI.), 
balanced upon knife edges at g, and provided with a sliding weight at each 
end, and suppose these weights and the rod to be adjusted in equilibrium 
about the centre of motion ; let k be the radius of gyration of the system, 
jkf ^ its moment of inertia, and r the radial distance of the point p firom 
the centre, then this system will resist the communication of motion to 

the point p^ with a force equal to that of a mass — ^ collected at that 

point. 

If the point p be connected to the centre o of the trial bar by a light link 
rod, this point will move with the same velocity as the centre of the trial 
bar, whenever motion is communicated to any point of the bar, and conse- 
quently the balance and its weights will revolve about the centre q. The 

eflect of this arrangement, therefore, is the same as if a mass . were 

collected in the centre of the bar. By altering the distance of th^ weights 
from the centre, always keeping them in equilibrium, we can increase or 

Af l^ 
diminish the value of -—j- at pleasure, and as the system is in equilibrium 

we do not thereby aflect the deflections of the bar. Thus we have at our 



WEIGHTS MOVING OVER ELASTIC BARS. 878 

disposal an artdfioial ineriia applicable to the bar, by means of which we can, 
retaining the same bar and the same load, try successive experiments, and 
obtain successive trajectories appertaining to various proportions between the 
inertia of the load and that of the bar. Half the weight of the bar must 

of course be added to the mass — ^-, which represents the inertia added by 

the " Inertial Balance.'' • 

The link o p was formed of flat steel, and was connected to the bar by a 
contrivance shown at laige in fig. 8. The upper half of the link was divided 
into two branches, and bent into the form shown in the drawing. Each 
branch carried a steel centre-point, and the branches could be set at any 
required distance by the thumb-screw and nut ; their elasticity of course 
pressing them outwards. Two centre punch-holes were made in the sides 
of the bar at its middle point, and the steel points of the branches were 
adjusted so as to allow those points to enter the punched holes, and play 
therein with the least possible shake and friction. The lower end of the 
link is pierced and enters a slit in a small steel arm at p, screwed to the end 
of the lever of the balance. A wire pin passing through the holes drilled in 
the arm and link forms the lower joint ; the lever of the balance is a square 
bar of oak, and graduated in ounces avoirdupois, so that the weights set to 
any given number of ounces on the scale, and of course balanced, shall 
represent the equivalent mass added to the half-weight of the bar ; the 
sliding weights were 3^ Hm, each. 

From several sets of curves drawn with this apparatus, I have selected the 
three groups in figs. 6, 7, 8, Plate VIII. These trajectories were all ob- 
tained from a steel bar 4 feet long, of a square section *23 inch broad on 
each side. Its weight was 11 ounces avoirdupois, and the carriage was 
loaded with weights that gave an effective pressure of 3 fbs. All the curves 
in each group were drawn with the same velocity, and consequently have the 
same value of p. The curves in fig. 6 were drawn with a velocity of 7*7 
feet per second, and i3= 6. The curves in fig. 7 with a velocity of 11*9 
feet, and i3=r 2*4. The curves in fig. 8 with a velocity of 16*6 feet, and 
^=1-2. 

The differences between the curves in each group are due to the diffe- 
rent proportions of inertia introduced by the '^Inertial Balance." To 
distinguii^ the several curves in each group from each other, different kinds 
of lines are employed. The equilibrium trajectory is necessarily the same in 
all the groups. This is distinguished by a plain thick line, and moreover has 
the name written upon it. The interrupted dots in cloudy masses indicate 
the course of the curve that corresponds to i9 in Mr. Stokes's Tables, and 
therefore to the case in which the inertia of the bar or bridge is so small as 
to be wholly neglected. The plain continuous line marked J9, which lies 
close to it in the three groups, is the trajectory obtained from the bar before 
the Inertial Balance was connected to it ; and therefore the ratio of the 
mass of the load to the bar in this case is more than 4 to 1. 

* It maj be neoessaiy to remind my reader that the whole of this investigation pro- 
ceeds upon the snppoeition that the deflections of the bar commonicated by the tnivellmg 
load take place simnltaneonsly throughout its length, and that consequently the bar at 
every instant of the passage of the load is bent into the same curve which it would assume 
if the point of application of the load were pressed down statically to the same pontion. 
See p. 384. 
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The next trajectory in order is a dotted line, whioh was obtained by 
•o adjnatiog the balance, that its effect should be to make the mssttes 
of the load and bar eqnaL The next, an intermpted line, similarly belongs 
to the case in whioh the mass of the bar is double that of the load ; 
and the last, an interrupted line with longer strokes, alternating with dots, 
represents the case in which the mass of the bar is triple that of the 
load. Now it will be seen, on examining the three groups in figs. 6, 
7, and 8, that the five curves do not follow throughout in the same 
order in all of them. 

In the first part of the curves, indeed, as they start from their origin 
at the boginning of the bar, the order in all is the same ; the inorease 
of inertia uniformly throws the trajectory higher up, and we always find 
the equilibrium curve the lowest ; the theoretical curve, in which the bar 
has no appreciable inertia, the next above, and the others rising in the order 
of their increased inertia. 

All the dynamical curves intersect the equilibrium trajectory, and they 
all sag below it more or less in the second half. The increasing inertia 
carries the intersection of the curves with the epuilibrium trajectory 
farther from the origin in every instance, and aU the intersections lie 
farther £rom the origin in fig. 7 than in fig. 6, and still farther in fig. 8 ; 
that is to say, farther in the smaller values of than in the larger. 

But the effect upon the amount of the maximum depression of the 
trajectory is different in each of the three values of j9. In fig. 6, the 
increase of inertia causes the successive tn^ectories to fall lower and 
lower, and thus to occasion a greater central deflection of the bar, as the 
mass of the bar is increased with respect to that of the load. . In fig. 8, 
the increase of the inertia, on the contrary, diminishes the maximum de- 
flection of the successive trajectories, and thus occasions a less centred 
deflection of the bar as the mass of the bar ii increased. 

To show this more clearly, I have introduced dotted lines in figs. 6 and 8, 
marked T .... T^ B ... * By 1 .... 1, 2 .... 2, 3 .... 3, which 
lines will be observed each to begin firom a point on the central ordinate 
of the curve, and to end in contact with the trajectory in order.* Each 
dotted line represents the part of the bar which lies between its oentre 
and the trajectory, at the moment of greatest depression ; and therefore 
shows the greatest central deflection of the bar that oorresponds to each 
trajectory. It thus appears that in fig. 6 the increase of inertia in the 
bar carries it lower and lower, and in fig. ,8 the reverse happens ; and 
of course for smaller values of /9 the latter effect would be more strikingly 
developed ; because, as we have seen, the central deflection goes on in- 
creasing as /3 diminishes, when the inertia of the bar is wholly neglected. 

The succession of the curves shows pretty clearly, however, that if still 
more and more inertia were given to the bar in fig. 6, the series of 
trajectories would reach a maximum depression and then begin to rise; 
after which a further increase of inertia would diminish the central de- 
flections, as in the curves of ^g. 8. And this effect is shown in fig. 7, 
where the maximum deflection or sag of the trajectory which belongs to the 
bar alone sinks a little below that of the theoretical trigectory or curve of no 

* In these fignres T denotes the theoretical trajectory, B the bar alone, in which the 
ratio of the mass of the bar to that of the load is |, and the figures 1, 2, 8, denote 
ratios of their respectiTo valaes. 
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inertia ; and the next curve, in which the masses of bar and load are 
equal, sinks still a little lower. But the following curves, which belong 
to a double and triple ratio of these masses, rise higher and higher, and 
the central deflections of the bar follow in the same order. 

It would seem from this, that for any given ratio of the masses of the 
bar and load some value of /3 may be found, for which a small variation 
in the ratio would neither increase nor Himininh the central deflection of 
the bar ; while for smaller values of /3, the increase of inertia in the bar 
would diminish the central deflection, and for greater values of 0, the 
reverse. It would require a long series of experiments to determine 
these values with accuracy, which the short time assigned for this research 
has made it impossible for me to attempt ; but they may be roughly esti- 
mated as follows : 

In flg. 7y P = 2*4, and the tngectory which sinks the lowest in this 
figure is that which corresponds to the ratio of equality between the bar 
and load. It is evident from the manner in which the deflections 
of the bar succeed each other that the greatest deflection for this value 
of would lie a little below that marked 1 in the figure, and probably 

correspond to about — = '7 (where B is the mass of the bar and L of the 

load). Hence, to bring the trajectory for —jr =: 1 to its Tyift-girn^nr^ bar- 
deflection, a little larger value of /3 must be taken ; and probably /3 z= 3 
wiU be very nearly the value that corresponds to the exact position of the 
maximum depression belonging to this trajectory. 

In fig. 6, where = 6, the last trajectory that the proportions of my 
apparatus enabled me to obtain belongs to the triple ratio of the masses. 
It seems probable that if two or perhaps three more had been drawn to 
correspond to the succeeding ratios, the maximum deflection would have 
been reached for this value of /3; and that therefore the trajectory cor- 

responding to the ratio -j— =: 6 will be very nearly the one sought for. 

Now Mr. Stokes has shown, as we shall see below, that when /3 is 
moderately large, and the above ratio also large, the trajectory remains 

constant if /3 varies as the ratio, that is to say, -y— s c /3, where c is a 

constant. As we have just found a case in which the maximum deflection is 
given by a trajectory, in which the ratio of the weights of bar to load is nearly 
equal to /3, and /3 is moderately large, we shaU not err much in taking e = 1, 
and therefore in sayiug that the maximum deflection for any given large value 
of /3 wiU happen when the mass of the bridge is nearly /3 times that of the 
load.* This is sufBcient to show us that in all practical cases the inertia 
of the bridge wOl increase the deflection which is due to the velocity of 
the load ; for in practice the value of /3 is always much greater than the 
ratio of the weights of the bridge and load. But to return to fig. 8 ; 
in this figure the central deflection (T) of the bar produced by the theo- 

* Subsequent researches of Mr. Stokes showed that in moderately large values of fi^ 

B B 

and large values of the ratio -T", we have far the maTimum deflection -f~x = *828y 

which differs from unity by '177 only. (See note^ p. 879.) 
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reiical trajectory very nearly ooincideB with {B) that which is dae to the 

S 1 

trajectory for the bar alone in which -j- = — ; more closely, in fact, 

than the figure shows, in which the distance between these two curves 
is slightly exaggerated. In this group, therefore, it happens that we have 
nearly the value of ^, for which the maximum deflection of the bar is 
due to the theoretical curve. This valae of )3 is 1*2, or unity, very 
nearly. 

The general results of the experiments with the inertial balance may be 
therefore stated as follows : 

(1.) For all values of /3 less than about unity, the least sensible inertia 
added to the bar will diminish the central deflection due to the theo- 
retical trajectory, namely, that in which the bar is supposed to have no 
inertia. 

(2.) For all values of /3 greater than about unity, inertia gradually 
added to the bar will at first increase the central deflection due to the 
theoretical trajectory, will then bring it to a maximum, and finally will 
diminish it. 

(3.) The ratio of the masses of the bar to the load that corresponds 
to this maximmn effect will be very nearly unity for /3 = 3, and for larger 

values of /3 and of — will be expressed by the equation B =: fi L (or 

more accurately B = '823 /3 L). 

The differences between the theoretical tngectories of hg. 4, Plate VII., 
and the experimental trajectories of fig. 5, are now explained. When the 
inertia of the bar is neglected, it was shown that for small values of ^, the 
defleclions of the bar became excessively great, and that when )3 is less than 
if the tangent at the end of the trajectory is vertical, and the central deflec- 
tion of the bar and the tendency to break the bridge become infinite. 
Mr. Stokes had already explained these startling results, by supposing 
that the inertia of the bridge was the cause of the practical modifica- 
tions of these consequences ; but without experiment it was impossible to 
ascertain that the inertia would, in cases where /3 was greater than unity, 
produce the opposite effect of increasing the deflections, or indeed to 
understand the exact nature of the influence which different propor- 
tions between the inertia of the bar and load would have upon the 
trajectories. 

In the last part it was shown that in real bridges /3 is nuely so 
small as 14, and hence it follows from the experiments of the inertial 
balance that the inertia of a bridge will tend to increase the deflections 
due to the theoretical trajectory of no inertia, which have been exhibited 
in Table IX. (p. 366). And the result is perfectly in conformity with 
the analysis of the sixth and seventh series of the Portsmouth experi- 
ments, given in Table X (p. 368), in which the deflections for values of 
/3 greater than unity were all greater by about one-tenth, more or less, 
than the theoretical deflections. A similar increase was obtained from 
the experiments on the Godstone and Ewell Bridges, which has been now 
shown to be due, in part at least, to the inertia of the bridge. It also 
appeared from the same seventh series (Table X.) that when jS was less 
than unity, the experimental deflections of the bar were less than the 
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theoretical deflections of Table IX. , which is also ia accordance with the 
results obtained from the inertial balance. 

It becomes therefore a point of great interest to determine the exact 
increment of the deflection of a real bridge that would be due to its inertia. 
My experiments, besides being limited to Talues of /3 considerably below 14^ 
and therefore smaller than those that belong to practice, were, from want of 
time, too few in number and deficient in precision to give accurate numerical 
results, although amply exact enough to show the laws of the phenomena. 
The following values of the deflections in fig. 6 are probably not far from 
the truth, although subsequent and repeated experiments would be required 
to correct them. 

In this figure j3 = 6, and the ratios of the dynamical to the statical 

deflection ( "«~) corresponding to the difl'erent ratios of inertia ( ~^) 
given in the following Table : 



are 



B 





i 


1 


2 


1 
8 


D 


1-23 


1-3 


1-52 


1-67 


1-78 



Thus for this value of /3, the theoretical deflection with no inertia is 
increased by about '07 when the bar has a mass of one-fourth of the load, 
and by '3 when the masses of the two are equal. 

These results have been obtained from experiments made on a small scale ; 
but by setting down the equations that relate to the problem in its general 
form, Mr. Stokes succeeds in showing that if we have two systems in which 
the ratio of X to £ is the same, and we conceive the travelling weights to 
move over the two bridges respectively, with velocities ranging from to 
00 , the trajectories described in the one case and the deflections of the 
bridge correspond exactly to the trajectories and deflections in the other 
case ; so that to pass from the one to the other, it will be sufficient to alter 
all horizontal lines on the same scale as the length of the bridge, and all 
vertical lines on the same scale as the central statical deflection. The 
velocity in the one, which corresponds to a given velocity in the other, is 
determined by the value of the constant p.* We are thus furnished with 
the important result, and if by experiment a certain form of the trajectory 
be obtained, the same form will belong to every case in which the ratio of 
the masses of the bar and load is the same as in the experiment, and also 
the value of /3 the same. 

Thus, by the use of the Inertial Balance, we shall be able to construct 
with fEMBility a dynamical model of a large system, which we may wish to 
investigate experimentally. To take ^ numerical example, let iJiere be a 
load of 25 tons moving over a girder bridge 40 feet long and weighing 25 
tons, the central statical deflection being |> inch, and the velocity of the 
load 80 miles an hour, or 44 feet per second (this will give p s 24). Sup- 
pose the trial bar in the model to be 4 feet long, and the central statical 



Camb. Phil. Trans, p. 727. 
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deflection due to the traTelling weight to be 1^ inch* We must, in the 
first pUM)e, adjust the inertial balance so as to give to the bar a distribiited 
mass equiil to the mass of the load. We most now give to the carriage such a 
Telocity as shall render /3 the same in the two cases. Since /3 is constant 
when the velocity yariea directly as the length of the bridgOi and inversely 
as the square root of the central statical deflection, we must alter the 
velocity in the direct ratio of 40 to 4, or 10 to l, and in the inverse ratio 

of v^|- to /y/|^ or 2 to 3. Hence the velocity required in the model is 

44 X V{f X if o^ 2'd ^^^^ P^ second. 

But to determine experimentally the amounts for high values of fi, an 
apparatus calculated to operate upon longer bars with much leas velocity 
would be necessary ; fortunately, however, it happens that the investiga- 
tions of Mr. Stokes will assist us in obtaining^ at least in part, the informa* 
tion we require. 

During the progress of my eiperiments above related, this gentleman 
had been simultaneously carrying on his theoretical researches with a view 
of determining the effect of the inertia of the bridge, which in the pre- 
vious investigation had been neglected ; and although he did not succeed 
in obtaining the complete solution of this most intricate problem, he 
rendered the greatest service to the question by obtaining an appiozimate 
solution ; namely, one limited by the following condition, that the value 
of /3 be large or moderately large, and that the mass of the travelling body 
be 8maU compared with the mass of the bridge. 

Small values of /3 never occur with real bridges, and therefore the first 
condition includes all practical cases. Unfortunately the mass of the 
travelling body in practice is very nearly equal to that of the bridge, so 
that the latter condition does not represent the practical cases so welL 
But Mr. Stokes, by giving in the first place a solution of the case in 
which the mass of the bridge is neglected, and in the next place one in 
which the mass of the load is neglected, or its effect reduced to a 
travelling pressure, has solved the problem in the two extreme cases 
between which the practical examples lie ; and has thus enabled us, assisted 
by the experiments, to calculate with sufficient accuracy the amount of 
additional deflection which is due to the velocity of the travelling load. 
I shall proceed, therefore, to explain the results of this most valuable 
addition to Mr. Stokes's former investigation, as nearly as possible in his 
own words, referring, as before, for the analysis to the original Paper in the 
''Cambridge Philosophical Transactions." 

The general equations (which are given in the original paper) proved 
too complex to be manageable, but by introducing the limiting condi- 
tions above mentioned, namely, that /3 be large or moderately laiige, 
and that the mass of the travelling body be small compared with the mass 
of the bridge, Mr. Stokes succeeded in reducing the equations to a form 
which admitted of a complete solution, and hence has calculated the 
ordinates of the trajectories in a sufficient number of cases ; so as to enable 
us to lay down the curves, and thus to understand the nature of the motion. 

It appears that in these tn^ectories each phase is characteriBed by the 
value of a certain constant quantity, q, which occupies in this part of the 
investigation a similar office to the of the previous pages. 

This qiumtity, ^, is defiined as follows : let ;8f be the central statical 
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ddflectioo, M the mass of the travelling bodj, M^ the mass of the bar or 
bridge. Then 

2* = 53 Mg _ 1008 ^j8» 
81 3/1 r> S "" '81 if > ' 

Oonceive the travelling mass M removed, and suppose the bar depressed 
through a small space and then left to itself to oscillate. It can be 
shown that if P be the period of motion, or twice the time of oscillation 
from rest to rest, 8^ the central statical deflection produced by a mass equal 
to that of the bridge and expressed in inches, and r the time in seconds 
that the body takes to travel over the bridge, we have 



/> = 2 



V 



315* 



2= 27r -^.f 



68 (/ ' * -"P 

Hence the numbers 1, 2, 3, &c., written at the head of Tables A and B, 
and against the curves in Plate IX. , represent the number of quarter periods 
of oscillation of the bridge which elapse during the passage of the body 
over ii This consideration will materially assist us in understanding -the 
natore of the motion. It should be remarked, too, that q is increased by 
diminishing either the velocity of the body or the inertia of the bridge. 

In Table A, the length of the bar is supposed to be divided into 20 equal 

parts for abscissss, and the values of the ordinates -— corresponding to each 



* F^m this ezpresmon, it appeam that if jS vary directly as —^ the value of q^ and 

therefore the form of the trajectory remains unaltered ; whenoei, having obtained from 
my experiments that> when fi»^, the trajectory which corresponds to the maximum 

deflection of the bar is very nearly that which belongs to the ratio ~^ »= 6, I inferred 

that we may roughly take -jrr- » jS to represent the case of the maximum deflection. 

Probably neither the ratio of the masses nor the value of /8 in this case is laige enough 
to satisfy the oonditions, upon which the above expression is founded, with suffideut 
accuracy. Upon this, however, Mr. Stokes has kindly furnished me with the following 
note : *' In fig. C, it appears that the maximum curre of deflection lies between 8 and 4 

(that is, between those which correspond to — ^ = 3 and 4). I hare found by interpo- 
lation, * 



?1 


MiiTiniiim value of 
D 

8 


3 
4 
5 


1-717 
1-697 
1-580 



And again, by interpolation, the maximum value of » = 1 *721, in which case ^ - = *823, 
which differs only by '177 from the result to which you were led by experiment." 

t If we suppose r expressed in seconds, and S^ in inches, we must put g =s 32*2 x 12 

28 r 
=386, nearly, and we get g=» -77^ (69).— CamJ. PAiV. 



V^t 



Tram, p. 732. 
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of the 20 values of se, are given in the Table for 11 values of — —. The 

curves of this Table are the trigectories of the moving body, similarly with 
the trajectoiies of Plates YII. and VIII. To prevent the confusion which 
would have arisen if all these trajectories had been laid down in one figure^ 
as in Plate VIL, they have been divided into two groups in Plate IX. Fig. 
B contains those which appertain to the quarter periods 1, 2, 3, 4, 5, 6, and 
fig. 1) those which belong to the quarter periods 8^ 10, and 16, 12 being 
omitted to prevent confusion. In each of these figures the equilibrium tra- 
jectory is laid down as a standard by which to compare them with each 
other, and with the trajectories akeady given. 

Table B, however, to which correspond figs. C and E in Plate IX., refers 
to a different kind of curve, which may be termed the deflection curve. It 

is headed *^ Values of -^,'' D being, as already explained, the central de- 

o 

flection of the bar, which corresponds to any value of y. 

The ordinate in these curves, therefore, represents the central deflection 
of the bar (expressed in its relation to /8f as those of the trajectories are), 
when the moving body has travelled over a distance represented by the 
abscissa, and hence the entire curve delineates the vertical motion of the 
centre of the bar, during the progression of the body firom one end to the 
other of the bar. It is, in fact, the curve which would be delineated by 
a pencil fixed to the centre of the bar (as in the apparatus described in 
the first part of this Essay), tracing its line upon a board that travels 
horizontally. If this board travelled imiformly at a rate equal to that of 
the body, the length of this curve would be exactly the same as that of 
the trajectory. This, for convenience sake, has been made the case with 
the figures in Plate IX. ; for thus each of these deflection curves in figs. 
C and E lies immediately below the trajectory which belongs to it in 
figs. B and D respectively ; in such a manner that when the body is at 
any given point in one of these trajectories, the magnitude of the central 
deflection of the bar at that instant is to be found in the ordinate of the 
deflection curve which is vertically beneath it. 
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TABLE A. 



I 
1 

X 






r 


Values of ^ 


when — 18 equal to 








1 


2 


3 


4 


5 


6 


8 


10 


12 


16 


QO 

•000 


•00 


•000 


•000 


•000 


•000 


-000 


•000 


•000 


•000 


•000 


•000 


•05 


•001 


•001 


•001 


•001 


•001 


•001 


•002 


•003 


•004 


•006 


•025 


•10 


•003 


•004 


•007 


•008 


•012 


•017 


•025 


•037 


-050 


•075 


•096 


•15 


•008 


•013 


•022 


•034 


•060 


•067 


•108 


•150 


•190 


•244 


•207 


•20 


•015 


•031 


•059 


•095 


•187 


•184 


•279 


•360 


•414 


•420 


•344 


•25 


•029 


•066 


•126 


•203 


•290 


•378 


•532 


•621 


•630 


•504 


•496 


•30 


•045 


•117 


•230 


•366 


•609 


•640 


•814 


•839 


•744 


•660 


-646 


•85 


•063 


•191 


•874 


•581 


•778 


•934 


1^064 


•940 


•765 


•727 


•780 


•40 


•096 


•286 


•550 


•828 


1^062 


1^205 


M78 


•921 


•759 


'969 


-886 


•46 


•133 


•394 


•748 


1-085 


1-316 


1-395 


M64 


•849 


•846 


1^084 


-964 


•60 


•169 


•516 


•947 


1^310 


1-492 


1-460 


1-036 


•812 


1^004 


•991 


•977 


•55 


•210 


•632 


1^126 


r473 


1-555 


1-387 


•860 


•850 


1^114 


•852 


-964 


•60 


•244 


•789 


1-268 


1-542 


1-487 


1-191 


•704 


•923 


1^062 


•830 


•886 


•65 


•274 


•816 


1-325 


1-502 


1^300 


•917 


•609 


•942 


•848 


•867 


•780 


•70 


•292 


•864 


1-808 


1^352 


1-022 


•626 


•665 


•839 


•584 


-762 


•646 


•76 


•298 


•842 


1-205 


1^111 


•705 


•369 


•532 


-619 


•391 


•488 


•496 


•80 


•282 


•770 


1020 


•814 


•402 


•180 


•462 


•359 


•297 


-280 


•844 


•85 


•245 


•644 


•774 


•509 


•161 


•069 


•837 


•149 


•237 


•178 


•207 


•90 


•184 


•463 


•498 


-244 


•012 


•020 


•182 


•037 


•150 


•121 


•096 


•95 


•103 


•243 


•224 


•064 


-•037 


•004 


•061 


-008 


•047 


•044 


•025 


1^00 


•000 


•000 


•000 


-000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 ; 

1 



TABLE B. 



X 








Values of - - 


when — " is equal to 




1 


1 


2 


3 


4 


5 


6 


8 


10 
-000 


12 


16 


00 


•00 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•000 


•05 


•004 


•004 


•005 


•006 


•007 


•008 


•014 


•019 


•025 


•041 


•156 


•10 


•009 


•018 


•022 


•027 


•037 


•063 


•081 


•117 


•158 


•239 


•307 1 


•16 


•017 


•028 


•048 


•076 


•108 


•146 


•234 


•327 


-412 


•580 


•449 


•20 


•025 


•052 


•099 


•169 


•231 


•809 


•469 


•607 


•696 


•707 


•580 


•25 


•041 


•093 


•177 


•285 


•406 


•531 


•746 


•871 


•884 


•707 


•696 : 


•30 


•066 


•144 


•282 


•451 


•626 


•787 


1-003 


1^031 


•915 


•689 


•794 1 


•35 


•070 


•214 


•418 


•650 


•871 


1-046 


1-180 


1-052 


•845 


•814 


•873 , 


-40 


•100 


•300 


•678 


•870 


1-116 


1^265 


1-238 


•967 


•796 


1^017 


•930 ; 


•45 


•134 


•399 


•757 


1^097 


1332 


1^412 


1-178 


•859 


•856 


1097 


•965 1 


•50 


•169 


•516 


•947 


1^310 


1^492 


1-460 


1036 


•812 


1004 


•991 


•977 ' 


•55 


•213 


•640 


M39 


1 -491 


1^674 


1-403 


•870 


•860 


1^127 


•862 


•965 


i -60 


•256 


•776 


1^321 


1^619 


1562 


1-250 


•789 


•969 


1^116 


•872 


•930 


1 ^65 


•806 


•913 


1^482 


1^681 


1^454 


1^027 


•682 


r064 


•948 


•959 


•873 


•70 


•359 


1050 


1^609 


1^663 


1-267 


•769 


•696 


1-031 


•718| -924 


•794 


•75 


•419 


1^181 


1-691 


^560 


•990 


•617 


•746 


•869 


•649| ^707 


•696 1 


•80 


•475 


1-296 


1^717 


1^871 


•677 


•303 


-777 


•604 


•499; ^472 


•580 , 


•85 


•538 


1-399 


1^681 


1^106 


•350 


•149 


-733 


•325 


•616, -384 


•449 


•90 


•686 


1-476 


r588 


•776 


•037 


•064 


-579 


•117 


•477 -386 


•307 


•95 


•646 


1-626 


1^402 


•400 


-•284 


•026 


•321 


•021 


•296 -276 


•156 


1-00 


•699 


1540 


VI 58 


•000 


-•446 


•019 


•000 


•001 


-•001 


•000 


•000 
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'<In the trajectory 1, fig. B^ the ordinates are small because the body 
passed over before there was time to prodaoe much deflection in the bridge ; 
at least except towards the end of the body's oonrsey where even a large 
deflection of the bridge would produce only a small deflection of the body. 
The corresponding deflection curve (curve 1, fig. C) shows that the bridge 
was depressed^ and that its deflection was rapidly increasing when the 
body left it. 

'* When the body is made to move with velocities successively one-half 
and one-third of the former velocity, more time is allowed for deflecting the 
bridge, and the trajectories marked 2, 3, are described, in which the ordi- 
nates are far larger than in that marked 1. The deflections, too, as appears 
from Gg» C, are much laiiger than before, or at least much larger than any 
deflection which was produced io the first case while the body remained on 
the bridge. It appears from Table B. or from fig. 0, that the greatest de- 
flection occurs in the case of the third curve nearly, and that it exceeds the 
oentral statical deflection by about three-fourths of the whole. 

** When the velocity is considerably diminished, the bridge has time to 
make several ofcillations while the body is goiug over it. These oscillations 
may be easily observed in figs. and E, more especially in the latter ; and 
their eflect on the form of the trajectory, which may indeed be readily un- 
derstood from fig. 0, will be seen on referring to figs. B and D.'' . . . .* 

** When q is large,t as is the case in practice, the followiug expression 
will give with sufficient accuracy the value of the oentral deflection 2>i. 

A 25 . 

" So that the central deflection hi liable to be alternately increased and 

25 
decreased by the fraction - — of the central statical deflection. And it can 
^ 8 . y 

also be shown that 

.25. 1 ,^ /^^ _.,,„ ^S, 



8 



X =.65./:^ = .112 



It is to be remembered that, in the latter of these expressions, the units of 
space and time are an inch and a second respectively. Since the diflerence 
between the pressure on the bridge and the weight of the body is neglected 

• Camb. Phil. Trans, p. 7S8. 

t Camb. Phil. Trans, p. 782 and 788. "As every thing depends on the valae of g, 
in the approximate investigation in which the inertia of the bridge is taken into acoonnti 
it will be proper to consider fiurther the meaning of this constant. In the first place it is 

1008 If /8 ., 

to be obsenred that> although M appears in the equation q\^ — sTS*""' ^ " 

independent of the mass of the travelling body ; for when M alone Tarles, fi varies 
inTersely as j^ and S yaries directly as if , so that q remains constant. To get rid of the 
apparent dependence of q on M, let 8^ be the central statical deflection produced by a 
mass equal to that of the bridge, and at the same time restore the general unit of length. 
If X continue to denote the ratio of the absdasa of the body to the length of the bridge, q 
vill be numerical, and therefore, to restore the general unit of length, it will be sufficient 

g a 
to take the general expression for jS, namely, iS = -~: r^t'o'; let moreover r be the time 

68 ffr^ n 
the body takes to travel over the bridge, /. 2 a « Ft, and we get ^ = o| ' "o^' 
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in the invefliigation in which the inertia of the bridge is considered^ it is 
evident that the resnlt will be sensibly the same, whether the bridge in its 
natural pofdtion be straight, or be lightly raised towards the centre, or, 
as it is technically called, cambered. The increase of deflection in the case 
first investigated would be diminished by a camber. 

'^ In this Paper the problem has been worked out, or worked out approxi- 
mately, only in the two extreme cases in which the mass of the trayelling 
body is infinitely great and infinitely small respectively, compared with the 
mass of the bridge. The causes of the increase of deflection in these two 
extreme cases are quite distinct. In the former case the increase of de- 
flection depends entirely on the difference between the pressure on the 
bridge and the weight of the body, and may be regarded as depending on 
the centrifugal force. In the latter, the effect depends on the manner in 
which the force, regarded as a function of the time, is appKed to the 
bridge. In practical cases, the masses of the body and of the bridge are 
generally comparable with each other^ and the two effects are mixed up 
in the actual result. Nevertheless, if we find that each effect, taken 
separately, is insensible, or so small as to be of no practical importance, we 
may conclude, without much fear of error, that the actual effect is insigni- 
ficant. Now we have seen that if we take only the most important terms, 

the increase of deflection is measured by the fractions -- (page 366 above) 

25 
and - — of 8, It is only when these fractions are both small that we are at 

8 • 5 
liberty to neglect all but the most important terms ; but in practical oases 
they are actually small. The magnitude of these fractions will enable us to 
judge of the amount of the actual effect. 

**To take a numerical example, lying within practical limits, let the span 
of a girder bridge be 44 feet, and suppose a weight equal to ^ of the weight 
of the bridge to cause a deflection of ^ inch. These are nearly the cir- 
cumstances of the Ewell Bridge, mentioned in the Report of the Com- 
missioners. 

*< In this case ;Sfi = i X '2 = *15 ; and if the velocity be 44 feet in a 
second, or 30 miles an hour, we have r =: 1, and therefore, from the second 
of the formulae just stated, 

-^ = '0484 q = 72-1 = 45-9 x -^. 
O.J 4 

'' The travelling load being supposed to produce a deflection of '2 inch, 
we have 

/J = 127 ; /. -y- = -0079. 

Hence in this case the increase of the deflection due to the inertia of the 
bridge is between five and six times as great as that obtained by considering 
the bridge as infinitely light ; but in neither case is the deflection important. 
With a velocity of 60 iniles an hour, the increase of deflection *0434 S 
would be doubled. 

<^ In the case of one of the long tubes of the Britannia Bridge, must 
be extremely large ; but on account of the enormous mass of the tube, it 
might be feared that the effect of the inertia of the tube itself would be of 
importance. To make a supposition every way disadvantageous, regard the 
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tube as nnoonnected with the rest of the structure, and suppose the weight 
of the whole train collected ~at one point. The clear span of one of the 
great tubes is 460 feet, and the weight of the tube 1400 tons. 

" When the platform on which the tube had been built was removed, the 
centre sunk 3 inches, which was very nearly what had been calculated, so that 
the bottom became very nearly straight, since, in anticipation of the deflection 
which would be produced by the weight of the tube itself, it had been originally 
built curved upwards. Since a uniformly distributed weight produces the 

same deflection as -r of the same weight placed at the centre, we have in 

g 

this case 8i=: ^ X 10 = 1G; and supposing the train to be going at the 
rate of 30 miles an hour, we have r = — =10*5, nearly. Hence in this 

4-4 

25 1 

case -T — = *043, or — , nearly ; so that the increase of deflection due to 

8 * ^ zo 

the inertia of the bridge is unimportant." * 

* In the coarse of the iDTestigatioiiB undertaken by Mr. Stokes and myself, onr atten- 
tion was directed to an able Paper bj Mr. Cox, ** On the Dynamical Deflection and Strain 
of Bailway Girders/* which is printed in the Civil Engineers' and Architects* Journal for 
September, 1848. This Paper is purely theoretical, that is to say, that although the 
results are applied to practical cases, it is not founded npon experiments ; and conse- 
quently the subject is looked at in a totally different light from that under which we have 
▼iewed it. The author has employed methods of approximation which, although they 
hare not apparently vitiated his results, as far as real bridges are ooncemed, would yet 
cause them to fail utterly if applied to the interpretation of experiments, such as those 
contained in the present Essay, This must be carefully borne in mind in considering the 
Paper in question, which will well repay perusal. The reasons for this failure are 
explained in the following extract from Mr. Stokes's Paper in the Cambridge Philosophical 
Transactions (page 725) : — '* In this article the subject is treated in a very original and 
striking manner. There is, however, one conclusion at which Mr. Cox has arrived, which 
is so directly opposed to the conclusions to which I have been led, that I feel compelled to 
notice it. By reasoning founded on the principle of vU viv€tf Mr. Cox has arrived at the 
result that the moving body cannot in any case produce a deflection greater than double 
the central statical deflection, the elasticity of the bridge being supposed perfect. But 
among the sources of labouring force which can be employed in deflecting the bridge, Mr. 
Cox has omitted to consider the via viva arising from the horisontal motion of the body. 
It is possible to conceive beforehand that a portion of this vis viva should be converted 
into labouring force, which is expended in deflecting the bridge ; and this is, in h/Bt, 
precisely what takes place. During the first part of the motion, the horizontal com- 
ponent of the reaction of the bridge against the body impels the body forwards, and 
therefore increases the via viva due to the horizontal motion ; and the labouring force 
which produces this increase being derived from the bridge, the bridge is less deflected 
than it would have been had the horizontal velocity of the body been unchanged. But 
during the latter part of the motion the horizontal component of the reaction acts back- 
wards, and a portion of the vis vit^a due to ^he horizontal motion of the body is continually 
converted into labouring force, which is stored up in the bridge. Now, on account of the 
asymmetry of the motion, the direction of the reaction is more inclined to the vertical when 
the body is moring over the second half of the bridge than when it is moving over the 
first half, and moveover the reaction itself is greater, and therefore, on both accounts, 
more vis viva depending upon the horizontal motion is destroyed in the latter portion of 
the body's course than is generated in the former portion : and, therefore, on the whole, 
the bridge is more deflected than it would have been had the horizontal velocity of the 
body remained unchanged. 

*'It is true that the change of horizontal velocity is small; but nevertheless, in 
this mode of treating the subject, it must be taken into account ; for, in applying to 
the problem the principle of m rtro, we are concerned with the square of the vertical 
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It appeara firom the aboye that the increase of deflection is measured by 

1 25 

the two fractions -r- and - — of 8 respectively in the two extreme oases in 

^8.2 *— ^ 

which the mass of the bridge or the mass of the body is neglected ; and 
that, in practice, where these masses are very nearly equal, their effects are 
mixed up together in a manner that remains to be developed from the theo- 
retical equation. It is extremely desirable, however, that we should in the 
mean time obtain some estimate of the practical effect of the inertia of the 
bridge. This Mr. Stokes suggested to me might be roughly and empirically 
done by supposing the two fractions in question to represent the separate 
effects of the inertia of the bridge and load, and taking their sum to re- 
present the total effect. Upon calculatiDg the increments of the statical 
deflection in this manner, that were obtained experimentally by the inertial 
balance, (and given in the Table in page 377 above,) and comparing the 
results, it appears that the agreement is sufficiently dose, as the following 
Table will show. 



• 


Values of 5. 
L 


i 


1 


2 


3 


Experimental increments, /3 — 6 


•8 


•52 


•67 


•78 


Calculated increments « ~ « 


•42 
•34 


•56 
•45 


•65 
•54 


•72 
•62 



For larger values of /3, in which the increments are smaller, we may sup- 
pose the errors to be less sensible, and therefore I have calculated the 
following Table for several values of /3, and on the supposition that the 

25 55 



masses of the bridge and load are equal, and therefore. 



8.J ° vT- ^'^'^ 



and imperfect as this must be, it may yet serve until further developments 
of the theory and more perfect experiments, both which are greatly to be 
desired, shall have substituted certain and logical results. 

velocity, and we must not omit any quantities which are comparable with that square. 
Now the square of the absolute Telocity of the body is equal to ^e sum of the squares of 
the horiiontal and yertical yelocities, and the change in the square of the horizontal 
velocity depends upon the product of the horizontal Telocity and the change of hori- 
zontal Telocity ; but this product is not small in comparison with the square of the 
vertical Telocity." 

I have great pleasure in taking this opportunity of expressing my acknowledgments 
to my excellent friend and fellow-labourer. Professor Stokos, for his kind and friendly 
co-operation with me in these iuTestigations. I must also regret that the abstruse 
nature of his portion of them has preTcnted me from glTiug them at leogth, and thereby 
compelled me to do him great iigustioe by presenting his results only, apart from the 
admirable reasoning, by means of whidi they were obtained. It may be well to men- 
tion, howeTer, that this course was adopted with his entire concurrence. 
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Yalaesof^. 


5 
•80 

•25 

■56 


6 
•28 

•22 
•45 


8 
•18 

•19 
•37 


10 
•14 

•17 
•31 


15 
•10 

•14 
•24 


20 
•06 

•12 

•18 


25 
•05 

•11 
•16 


30 
•04 

•10 
•14 


40 
•08 

•09 

•12 


50 
•02 

•08 
•10 


100 
•01 

•06 

•06 


200 
•005 

•040 

• 

•045 


Incrementa of S\ 
when BUMS off 
hu 11 negleeied I 
(p. 366) . . . ) 


Vftlnes of — :;^ . 


Total increment of) 
statical deflection j 



To apply thifl Table to any given bridge, the statical deflection due to the 
greatest load which b liable to pass over it must be ascertained, and also 
the greatest probable Telocity ; firom these data, and from the length of the 
bridge, the value of /9 mnst be calculated. (See page 364.) The increment 
of the statical deflection which corresponds to this value of /3 will be found 
in the lower line of the above Table. 

I will conclude with a few remarks upon the purpose of the preceding 
pages. The experiments carried out at Pori»moutii by Oaptain James 
and Lieutenant Galton had given the important and valuable result, that 
velocity imparted to a load increased the deflections of the bar or bridge 
over which it passed above those which it would have produced if set at rest 
upon the same bridge. The amount of this increase was also of so alarming 
a magnitude, that it seemed incredible that it should have escaped observa- 
tion in practical cases. Accordingly, when the Conmuasioners visited the 
bridges at Ewell and Godsfcone, the efieots there observed, although of the 
same character, were infinitely less in amount. 

It became, therefore, necessaiy to investigate the laws of these phenomena ; 
and as analysis, even in the hands of so accomplished a mathematician as 
Mr. Stokes, failed to give tangible results, except in cases limited by 
hypotheses that separated the problem from practiod conditions, it became 
necessary to carry on also experiments directed to the express object of 
elucidating the tiieory and tracing its connection with practice. I have 
already stated that the time which remained to me for this purpose, as well 
as the limited funds placed in the hands of the Commission, were together 
inauflicient to admit of either constructing the apparatus, or performing the 
experiments with the minute and delicate accuracy required for the precise 
numerical results usually sought for in physical investigations. But my 
object was rather to elucidate general laws, guided by theory, than to obtain 
independent numerical results, and I trust that this purpose has been suffi- 
ciently answered. 

It has been shown that the phenomena in question exhibit themselves in a 
highly developed state when the apparatus is on a small scale, but that, on 
the contrary, with the large dimensions of real bridges, their eflfects are so 
greatiy diminished as to be comparatively of Uttie importance, except in 
the cases of short and weak bridges traversed with excessive velocities. The 
theoretical and experimental investigation, which is the subject of the above 
Essay, will, however imperfect, serve to show that such a diminution of effect, 
in passing from the small scale to the large, is completely accounted for. 
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PRACTICAL FORMULA FOE CALCULATING 

GIRDERS, ETC. 

SECTION L 

CALCULATIONS FOR THB ST2AINS ON THE VABIOUS KEMBBBS OF THE 

STEUOTUBB. 

The following notations will be observed throughout : — 

I B length of clear span. 
X s distuoe of any point from one pier. 
y = distance of any point from centre of Bpaou 
d = depth of girder at x or y, 
W = total concentrated load. 
10 = load per lineal nnit. 

8 =s direct strain on either flange, or horisontal strain. 
8 H ^ shearing strain, or yertical strain on the web. 
\ <= length of any lattice bar. 
2 » direct strain on any lattice bar. 



Note. — (1) I and d must be in the same terms. 

5, 8 Hy and 2 will be in the same terms as W and w. 

straight girders, the strains on the flanges are eqnal, at the 
same yertical section, bnt opposite in their nature— thns, 
where the top flange resists a compressive strain, the 
bottom flange resLsts a tensile strain, and vice vend. 



(2) 8, 
(8) In 



L Beam Jixed <xt one end only^ cmd loaded with a eoncentraUd load at the 

wun^pporied exiremUy. 



5 = ^ (l-x). 



At point of ropport, 



For all ixnnts. 



8 



Wl 



d ' 






d • 
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IL Btovm fixed ai one end only, cmd loaded wMfornnJUf its eniire lenglh, 

a = — ^ {I - x). 

Note, — ^If tbe load be on the top of the girder, x, in equation for S, most 
terminate at the foot of the bar ; bot if the load oome firet upon 
the bottom, x muBt terminate at the top of the bar. 



At point of snpporty 



2d 
SH ^ wl 



2 » 



It may be seen tliat the maximum strain in the flanges is, in this oaae, 
only half that of the maTimum strain in the former case, that Is, supposing 
TV =i wl, and the other quantities the same in both oases. 



in. Beam fiaced <U one end ordyf loaded wnifonrdy Us entire length, and also 

with a conoentraied weight at its free eoctremUy. 

The strains in this case will simply be the M*m of the strains in the two 
former oases. 

Note. —In the foregoing eases, the top member, or flange of the oantileTor, 
resists a strain of tension, and the bottom, one of compression. 



lY . Beam supported freely at boih ends, and loaded at the cen^e, 

X being measured firom the nearest pier. 

The maximum strain on the flanges, supposing the depth to be uniform, 
is at the oentroi and 

Wl 
~ id' 

For all points, 



2 ' ~ 2d 
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V. Beam w^f^parted at hoih ends freely, and loaded with a concentrated 
weight at any point {as in the case of a roUing load). 

The TnATimnm strain on the flanges will always be at the point of applica- 
tion of the load, and 

_ Wab 

ay h, being the segments into which the beam is divided hy the weight. 

W 
8 H wOl increase from —;r- at the centre, when the weight is at the 

centre, to TF* at either pier, when the load is at that pier. 



VL Beam supported freely at both ends, and loaded wnifomdy over its enUre 

length, 

w X 

iVbte.— The former note^ in 11. , applying to x^ applies here to y. 
At the centre, 

or half that produced by the same load concentrated at the centre, as 
in IV. 



8H and 2 = O at centre, and increase regularly to — and -^ 
respectively at the ends. 

Note, — In lY., Y., VI., tbe top flange, or member, saffers a strain of 
oompreiBion, and the bottom one of tension. 



YIL Beam of equal a/nd wniform section supported at hoih ends, one free and 
the other fixed, and loaded uniformly over its entire length. 

« 2d ^ ^ Sd 
At the pier upon which the girder is fixed, 

^^Td- 

From the pier upon which the beam is fixed, to the point of contrary 
flexu/re (one-fourth of the entire span), all the strains axe as in III., the 
concentrated weight beiog half the remaining portion of the girder, witii its 
load : and from the point of contrary flexure to the unfixed extremity, the 
strains are as in VL 
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y IIL Beam of eqwd and uniform section fixed at both ends and loaded 

unifomUy, 

« to X . , . wP 



At the pieiB, 



S^ ~^ 



12 d' 



2 
Points of contrary flexure, -=- of the span from the centre. 

5 H and 2, the same as in VL 

NoU. — In all the former casoe, lattioe ban directed downwards to the point 
of snpporty are stnits ; and all thoM directed downwards fron 
the point of support, are ties. 



IX. Strains on a %miformly4oaded Arch, 
At the crown, the oompressiTe strain on the rib 



8d 



{d = yerdne). 



At any other point. 



'■ V(||-)" ♦ <-')•• 



Note,-^Th3B formnia is aoenrate only if tbe enrre of the arch be a enrre of 
equilibrium for the load, nearly a parabola ; if, however, it be an 
arc of a drde, as it mostly is, ^e formnia errs on the side of safety. 

The spandril simply transmits the yertical pressure from the load to the 
rib ; and the strain on it, per unit of length, 

= fp. 



X. Strains on a Su^nsion Chain^ uniformly haded. 

Tensile strain at mid>spaD, 

w P 
= Q . (d = rersine). 

At any other point, 



'- Vd^y - <-■'>'• 
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SECTION n. 

BISTBIBUTION OF MATERIAL TO RBSIST THB CALCULATED STRAINS. 

The strains on the yarions members of the structure having been calcu- 
lated for the greatest possible load that will be brought upon it, it has now 
to be determined what amount of material must be introduced to resist 
those strains. Experiment shows the ultimate breaking weight of the 
material^ but it is a question what proportion the working strain should 
bear to that weight. The following may^ however, be taken as reliable and 
safe constants. 

iVb^. —Divide the calculated strain in tons by the working strains as given 
belov, and the quotient will be the net section of the material in 
square inches. 





Ultimate Strength 


Working Strain 




(in tons per square inch). 


(in tons per square inch). 










Tension. 


Compres- 
sion. 


Shearing. 


Tendon. 


Compres- 
sion. 


Shearing. 


Steel ban . 


45 


70 


80 


9 


9 


5 


Steel plates . . . 


40 






8 






Wrought iron haltB . 


25 


17 


20 


5 


84 


4 


Wrought iron plates 


22i 


17 


20 


44 


34 


4 


Iron wire cable . . 


40 






8 






Cast iron 


n 


48 


14 


li 


9 


3 


Ash . . . 


7t 


4 


i 


H 


'■ 


4 


Beech .... 


5 


4 










Elm .... 


6 


4i 


f 






4 


Fir ... . 


5 


2i 


1 




; 


1^ 


Oak ... . 


6i 


3i 


1 




4 


4 


Teak .... 


H 


5 






1 




Granite . . . 




3i 






4 




Sandstone . 

Brick in oemeut . . 


1 






501b8. 


isoibs. 





Note. — The shearing referred to in the formnl» must uot be confounded with the shear- 
ing in the above Table ; for while the hotter implies th^ sliding off of one ideal surface or 
section of the material from another, the former "shearing strains" wre very frequently 
opposed by the direct tensile or compressive lesifitanoe of the bars formixig the web. 

Note. — It must be borne in mind that the compression members of a girder decrease 
in their powers of resistance as the square of their unsupported length increases ; so that 
all such parts, or members, if of any great length in proportion to their transverse 
section, must be braced at frequent intervals to prevent buckling. 
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